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A B S T R A C T   

Introduction: Differential expression of long non-coding RNAs (lncRNAs) is a hallmark of cardiovascular aging, 
cerebrovascular diseases, and neurodegenerative disorders. This research article investigates the association 
between a panel of lncRNAs and the risk of death and ischemic stroke in a cohort of non-institutionalized elderly 
subjects. 
Method: A total of 361 healthy individuals aged 75 years old, prospectively recruited in the Vienna Transdanube 
Aging (VITA) cohort, were included. Expression of lncRNAs at baseline was assessed using quantitative poly-
merase chain reaction PCR with pre-amplification reaction, using 18S for normalization. The primary endpoint 
was all-cause mortality; the secondary endpoint was the incidence of new ischemic brain lesions. Death was 
assessed over a 14-year follow-up, and ischemic brain lesions were evaluated by magnetic resonance imaging 
(MRI) over a 90-month follow-up. Ischemic brain lesions were divided into large brain infarcts (Ø≥ 1.5 cm) or 
lacunes (Ø< 1.5 cm) 
Results: The primary endpoint occurred in 53.5 % of the study population. The incidence of the secondary 
endpoint was 16 %, with a 3.3 % being large brain infarcts, and a 12.7 % lacunes. 
After adjustment for potential confounders, the lncRNA H19 predicted the incidence of the primary endpoint (HR 
1.194, 95 % C.I. 1.012–1.409, p = 0.036), whereas the lncRNA NKILA was associated with lacunar stroke (HR 
0.571, 95 % C.I. 0.375–0.868, p = 0.006). 
Conclusion: In a prospective cohort of non-institutionalized elderly subjects, high levels of lncRNA H19 are asso-
ciated with a higher risk of death, while low levels of lncRNA NKILA predict an increased risk of lacunar stroke.  
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1. Introduction 

Aging is a multifaceted biological process characterized by a pro-
gressive decline in physiological function and increased vulnerability to 
various diseases [1]. It is associated with multiple cellular and molecular 
changes, including genomic instability, cellular senescence, mitochon-
drial dysfunction, and impaired repair mechanisms [2]. 

In the cardiovascular system, aging is characterized by a large vari-
ety of detrimental processes, such as arterial stiffening, accelerated 
atherosclerosis, endothelial dysfunction, pro-thrombotic state, heart 
failure with preserved ejection fraction, and calcific aortic valve 
degeneration [3–6]. As a result, aging is an independent risk factor for 
the development of cardiovascular diseases (CVD), and CVD are the 
main cause of death and disability among the elderly [7]. 

Besides CVD, cognitive decline is another hallmark of aging [8]. 
Vascular dementia is the second most common cause of dementia after 
Alzheimer’s disease, covering around 15 % of cases. Pathological find-
ings in vascular dementia are various and include white matter lesions, 
large cortical ischemic lesions, micro-bleedings and lacunar stroke [9]. 
Lacunar strokes are defined as small sub-cortical ischemic lesions in the 
territory of the perforating arterioles, having a diameter of 3–15 mm, 
which are usually found upon neuroimaging in elderly people above 75 
years old [10]. Multiple factors link aging to vascular dementia, 
including reduced autoregulation of the brain vasculature, atheroscle-
rosis of the supra-aortic trunks, microvascular thrombosis, and hyper-
coagulability [11–13]. Compared to other forms of dementia, no specific 
pharmacological treatment is currently available for vascular dementia. 

Long non-coding RNAs (lncRNAs) have emerged as crucial regulators 
of aging [14,15]. lncRNAs are a heterogeneous class of non-coding RNAs 
larger than 200 nucleotides, which participate in diverse biological 
functions, such as chromatin remodeling, transcriptional regulation, and 
post-transcriptional modification of proteins [16]. Over the past decade, 
they were associated with multiple physiological and pathological pro-
cesses within the cardiovascular system [17] and the central nervous 
system [18]. In particular, the differential expression of lncRNAs seems 
to be a hallmark of cardiovascular aging, cerebrovascular diseases, and 
neurodegenerative disorders [19–21]. LncRNAs may drive the aging 
process by acting on multiple cellular processes. In this field, Gramma-
tikakis et al. classified six different mechanisms of action for lncRNAs: 
control of telomere length, epigenetic modification of chromatin, con-
trol of proteostasis, modulation of stem cells function, regulation of 
senescence and proliferation, and regulation of intercellular communi-
cation [22]. 

Thus, accumulating evidence suggests that lncRNAs hold potential as 
predictive biomarkers and therapeutic targets for preventing and 
treating aging-related diseases, yet clinical evidence is still scarce. In 
particular, longitudinal cohort studies investigating the predictive role 
of lncRNAs are needed. 

This study investigates the association between a panel of lncRNAs 
and the risk of death and ischemic stroke in a prospective longitudinal 
cohort of non-institutionalized subjects aged 75 years-old. 

2. Methods 

2.1. Study design and outcomes 

The present study is a sub-analysis of the Vienna Transdanube Aging 
Study (VITA), a population-based cohort study involving non- 
institutionalized subjects aged 75 years old at the time of enrolment 
[23–26], and resident in the 21st and 22nd district of Vienna, Austria. 
Briefly, 1745 individuals were potentially eligible for inclusion; of them, 
606 were actually included in the study. All included subjects gave 
written informed consent at the time of enrolment. All procedures have 
been approved by the local Ethics Committee of the Medical University 
of Vienna, Vienna, Austria. Later, subjects underwent a comprehensive 
clinical assessment at the Danube Hospital in Vienna, including medical 

history, blood collection, cognitive function assessment (Mini-mental 
state examination – MMSE) and brain magnetic resonance imaging 
(MRI) [27]. Serum samples for the measurement of circulating lncRNAs 
were available for 361 subjects (Fig. 1A). 

The primary outcome of the study is death from any cause occurred 
during the 14 years follow up, from 2000 until 2013. Data were 
retrieved from the registry office of the city of Vienna (Fig. 1B). 

The secondary outcome of the study was the incidence of new brain 
ischemic lesions detected by MRI. Subjects underwent scheduled MRI 
scans of the head at baseline and then every 30 months (2.5 years) over a 
time-lapse of 90 months (7.5 years) for a total of four MRI scans [23]. 
Adherence of subjects to the scheduled MRI plan is reported in Fig. 1C. 
The secondary outcome was further classified as large brain infarcts, 
indicating lesions with a diameter larger than 1.5 cm, and lacunes 
having a smaller size (Fig. 1B). 

2.2. Selection of long non-coding RNAs 

A systematic review of the existing literature was performed on 
pubmed.gov, entering the MeSH terms [noncoding RNA] AND one of the 
following MeSH terms: [arterial inflammation], [myocardial infarction], 
[anoxia ischemia, brain], [atherosclerosis]. The search retrieved 2454 
results. Articles were then screened by two independent investigators: 
articles other than original research articles and articles only focusing on 
micro-RNAs were excluded. Finally, after the exclusion of duplicate re-
sults, a total of 28 lncRNAs were selected for outcome profiling (Sup-
plementary Table 1). 

Amplification of these lncRNAs was tested in a subset of 55 randomly 
chosen samples. A total of 22 lncRNAs were detected sporadically at 
levels below the PCR detection threshold. An acceptable level of 
amplification (≤30 Ct) was observed for six lncRNAs (H19, MALAT1, 
GAS5, NEAT1, PACER, and NKILA), which were then measured in the 
whole cohort. To avoid any missing data bias, only those detectable in 
more than 40 % of all samples were then selected for statistical analysis 
(H19, GAS5, and NKILA – Supplementary Fig. 1). 

2.3. Long non-coding RNAs measurement 

Serum samples were stored at -80 ◦C until RNA extraction. Total RNA 
was isolated from 50 μL of serum using miRNeasy Serum/Plasma kit 
(Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s 
instructions. Quality control of RNA samples was performed using a 
microplate reader Infinite® 200 PRO (TECAN, Tecan Trading AG, 
Männedorf, Switzerland). 

Extracted RNA was reverse transcribed into cDNA and pre-amplified 
using the RT2 PreAMP cDNA Synthesis Kit (Qiagen), according to the 
manufacturer’s instructions. 

This includes an initial genomic DNA elimination step, isothermal 
cDNA conversion, and a pre-amplification program consisting of 14 
cycles on a device using a GeneAmp® PCR System 2700 (Applied Bio-
systems, USA). We mixed RT2 PreAmp PCR master mix and RT2 lncRNA 
PreAmp mix of specific primers (TaqMan Assays); then, we added 2.5 μl 
of cDNA to improve the detection of low copy number lncRNAs [24]. 
The pre-amplified cDNA was then used to assess the predefined 
lncRNAs. 

LncRNA-specific RT2qPCR Primers (TaqMan Assays) were employed 
(Supplementary Table 2). Quantitative real-time polymerase chain re-
action (RT-qPCR) was carried out at 95 ◦C for 10 min and in 40 cycles at 
95 ◦C for 15 s and 60 ◦C for 60 s on an Applied Biosystems 7500 fast real- 
time PCR device (Applied Biosystems, Darmstadt, Germany). The 
threshold cycle value (Ct) for each amplification product was deter-
mined. The relative expression levels of each lncRNAs were calculated 
using the 2−ΔCT method and normalized using the 18S as the reference 
gene. 
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2.4. Statistical analysis 

The statistical analysis was conducted using the SPSS software 
package, version 29 (IBM, Armonk, NY), GraphPad Prism 8 (GraphPad 
Software Inc, Boston, MA) and R 4.1.2 (URL http://www. R- project. 
Org). Discrete variables are summarized as counts (percentages), and 
continuous variables are shown as medians (interquartile ranges [IQR]). 
Student’s t-test, Fisher’s exact test and Mann–Whitney U test were used 
for two-group comparisons, as appropriate. Comparison of repeated 
measures was performed using 2-way ANOVA with Sidak’s correction 
for multiple comparisons. Data distribution was visually assessed using 
Q-Q plots. Data points of lncRNAs below the 5th percentile or above the 
95th were considered outliers and excluded from the analysis. Data were 
log-transformed (base 2) to normalize variables with skewed distribu-
tions. A two-tailed p-value <0.05 under the assumption of the null hy-
pothesis was considered statistically significant. Optimal out-of-sample 
cut-offs were derived using Youden`s index and applied to Kaplan-Meier 
survival curves with Log-rank test. 

Proportional hazards assumption was tested using Schoenfeld re-
siduals. Results of univariable and multivariable Cox proportional 
regression models are reported as hazard ratios (HR), along with their 
95 % confidence interval (95 % C.I.) and p-value. Multivariable models 
were built to include parameters significantly associated with the study 
endpoints. In case of multiple correlated parameters significantly asso-
ciated with the study endpoint, the variable with the tightest association 
was chosen to prevent co-linearity effect. Goodness-of-fit was tested as 
likelihood ratio and internal validity was tested by bootstrapping on 
5′000 random samples. Potential determinants of circulating lncRNAs 
were analyzed by Spearman’s rank correlation. A single-mediator 
mediation model was built using the “mediation” package in R. The 
effect of the independent variable on the mediator and the effect of the 
mediator on the outcome were estimated by generalized linear model. 
Average Causal Mediated Effect (ACME) and Average Direct Effect 
(ADE) were estimated by a Monte Carlo simulation on 1′000 random 
samples [28]. 

3. Results 

3.1. Cohort characteristics 

The baseline characteristics of the VITA study participants have 
already been described in previous publications [23–26]. The current 
sub-analysis was performed in 361 subjects (59.6 % of the total popu-
lation initially enrolled), who were not significantly different from the 
overall study population in terms of baseline characteristics and 
endpoint incidence, except for baseline glucose profile, which translates 
into a higher prevalence of diabetes and pre-diabetes in the sub-group 
where measurements were performed (Supplementary Table 3). 

3.2. H19 predicts all-cause mortality 

One-hundred ninety-three subjects (53.5 %) died along the 14-year 
follow-up. Subjects meeting the primary endpoint had higher levels of 
H19; besides, they were more often males, had higher prevalence of 
diabetes mellitus (DM), atherosclerotic cardiovascular diseases (coro-
nary artery disease and peripheral artery disease), and ischemic brain 
lesions at baseline MRI scan (Table 1). No significant difference was 
observed in the circulating levels of GAS5 and NKILA. 

The estimated cut-off for H19 was 1.3 × 10–4, approximately cor-
responding to the 44th percentile. After dividing the population by this 
cut-off, the Kaplan-Meier plot showed that subjects with higher circu-
lating levels of H19 had a significantly reduced survival (median sur-
vival: 10.3 years, IQR [6.5–12.3] vs 11.7 years, IQR [8.9–12.9]; Fig. 2A). 
Overall, subjects with higher levels of H19 had a 36.3 % increased risk of 
dying over the 14 years of follow-up. 

The Cox proportional regression model showed that H19 is an in-
dependent predictor of mortality (Fig. 2B). The model included sex, DM, 
coronary artery disease and the MMSE at baseline. After bootstrapping, 
the model had a significant internal validity (Supplementary Table 4). 

3.3. NKILA predicts the incidence of lacunar ischemic lesions 

The secondary endpoint was met by 57 subjects (16 %). None of the 
analyzed lncRNAs was significantly associated with this endpoint. Forty- 
six subjects (12.7 %) reported a new lacunar ischemic lesion upon MRI 
scan along the 7.5-year follow-up and displayed significantly lower 
levels of NKILA (Table 2). No significant difference was observed in the 
circulating levels of GAS5 and H19. 

The estimated cut-off for NKILA was 4.1 × 10–5, approximately 
corresponding to the 23rd percentile. After dividing the population by 
this cut-off, the Kaplan-Meier plot showed that subjects with lower 
circulating levels of NKILA had a significantly increased risk of lacunar 
stroke (Fig. 3A). Overall, subjects with lower levels of NKILA had a 28.5 
% increased risk of lacunar stroke over the 7.5 years of follow-up. 

The Cox proportional regression model confirmed that NKILA is a 
protective factor towards the incidence of new lacunar lesions, inde-
pendent of the presence of lacunes at the baseline MRI scan (Fig. 3B), 
which remained significant following a resampling approach (Supple-
mentary Table 3). Consistently, the subjects with lower levels of NKILA 
had also a faster decline in cognitive function, with a significant dif-
ference after 7.5 years of follow-up (Supplementary Figure 2). 

3.4. Potential determinants of lncRNAs 

Potential determinants of lncRNAs are reported in Supplementary 
Table 5. Both NKILA and H19 significantly correlate with sex. None of 
the other analyzed variables was significantly correlated to these 
lncRNAs. The mediation analysis confirmed the mediator role of H19 
between sex and mortality (Fig. 4). 

Fig. 1. Design of the study. A. Flow-chart of the enrolment. B. Definition of the study endpoints. C. Adherence of the enrolled subjects to the schedule of magnetic 
resonance imaging (MRI) scans. Each block reports the number of subjects undergoing MRI scan in a specific time point. In the right side of each block, the number of 
dead subjects is reported. 
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4. Discussion 

Results from the present sub-analysis of a well-characterized cohort 
of non-institutionalized elderly subjects with long-term follow-up show 
for the first time that high circulating levels of the lncRNA H19 are 
associated with a higher all-cause mortality, whereas low circulating 
levels of the lncRNA NKILA are associated with a higher risk of lacunar 
stroke. 

The current knowledge about the biological role of H19 largely 
originates from cancer research. In this field, H19 was found to promote 
carcinogenesis and cell growth in multiple cancer-derived cell lines 
[29]. Interestingly, it was also shown to confer resistance to hypoxia and 
cellular senescence [30]. H19 is an epigenetic regulator which represses 
gene expression by interacting with the methyl-CpG–binding domain 
protein 1 (MBD1). Together, they form a ribonucleoprotein complex 
(H19-MBD1) which recruits histone lysine methyltransferases and pro-
motes chromatin condensation [31]. The cluster of genes 
down-regulated by H19 contains H19 itself and the insulin-like growth 
factor 2 (IGF2), therefore, high circulating levels of H19 can be inter-
preted as a loss of imprinting on this genetic cluster. Indeed, loss of 
imprinting within the IGF2-H19 locus is observed during aging, leading 
to enhanced expression of IGF2 and H19, and other genes in this locus 
which are associated with age-related diseases, including cancer [22, 
32–34]. 

Experimental evidence suggests that H19 regulates glucose homeo-
stasis, β cell function and body weight [35]. Low levels of H19 were 
associated with insulin resistance and type 2 diabetes mellitus [36,37]. 
Interestingly, according to the present study, diabetes mellitus is a 
strong predictor of mortality in the elderly. Still, it is independent of 
H19, suggesting that the association between H19 and lifespan is not 
mediated by glucose metabolism. These results are consistent with the 
results of a previous sub-analysis of the VITA study [26], showing no 
association between H19 and the risk of incident diabetes. 

Finally, contradicting evidence was so far collected about the asso-
ciation between H19 and cardiovascular disorders, including athero-
sclerosis, coronary artery disease, myocardial infarction, cardiac 
hypertrophy, and ischemic stroke [38]. This heterogeneity of results can 
be explained by the cell-type specific effects of H19 in the cardiovascular 
system. In endothelial and vascular smooth muscle cells, H19 prevents 
apoptosis and promotes cell viability and proliferation [39,40]. In 
vascular smooth muscle cells, it also promotes migration and the switch 
towards a synthetic phenotype, two pivotal processes in age-related 
vascular remodeling and atherosclerotic plaque formation [40]. 
Consistently, H19 promotes also the pro-inflammatory phenotype in the 
macrophages, another pivotal player of atherosclerotic disease pro-
gression [41]. Upon an ischemic heart injury, H19 is quickly upregu-
lated in myocardial fibroblasts: this is likely a compensatory mechanism 

Table 1 
Baseline characteristics of enrolled subjects, meeting and not meeting the pri-
mary study endpoint (death for any cause).  

Parameter No 
(n = 168) 

Yes 
(n = 193) 

p 

Female sex 114 (67.9) 107 (55.4) 0.017 
Body mass index (kg/m2) 26.8 [25.0 - 

29.3] 
26.5 [24.2 – 

29.2] 
0.224 

Smokers (previous or current) 103 (62.8) 106 (55.2) 0.161 
Medical history  
Diabetes mellitus 21 (12.8) 51 (26.6) 0.001 
Systemic arterial hypertension 120 (73.6) 127 (69.0) 0.406 
Myocardial infarction 8 (4.9) 32 (16.7) <0.001 
Coronary artery disease 34 (20.7) 65 (33.9) 0.008 
Peripheral artery disease 14 (8.6) 31 (16.2) 0.037 
Symptomatic stroke 14 (8.5) 25 (13.0) 0.233 
MMSE 28.1 (1.5) 27.6 (2.1) 0.005 
Medications  
Insulin 4 (2.4) 10 (5.2) 0.274 
Oral anti diabetic 13 (7.9) 33 (17.2) 0.021 
Anti-hypertensive 127 (77.4) 148 (77.1) 0.999 
Lipid-lowering 42 (25.6) 45 (23.4) 0.711 
Anti-platelets 57 (34.8) 74 (38.7) 0.443 
Anticoagulants 10 (6.1) 18 (9.4) 0.324 
Biochemical parameters  
FBG (mg/dL) 101 [93 - 116] 106 [96 - 130] 0.002 
HbA1c (%) 5.7 [5.3 - 6.1] 5.7 [5.3 - 6.4] 0.519 
Total cholesterol (mg/dL) 239 [199 - 269] 228 [195 - 263] 0.126 
LDL-cholesterol (mg/dL) 148 [116 - 182] 144 [112 - 168] 0.217 
HDL-cholesterol (mg/dL) 59 [50 - 69] 56 [46 - 66] 0.227 
Triglycerides (mg/dL) 125 [91 - 160] 117 [86 - 161] 0.262 
Lp(a) (g/L) 0.09 [0.09 - 

0.17] 
0.09 [0.09 - 
0.19] 

0.973 

Fibrinogen (mg/dL) 371 [325 - 432] 386 [331 - 451] 0.211 
C-reactive protein (mg/dL) 2.0 [1.0 - 6.0] 3.0 [1.0 - 5.0] 0.999 
Creatinine (mg/dL) 1.1 [1.0 - 1.2] 1.1 [1.0 - 1.2] 0.986 
MRI findings  
Brain ischemic lesions at 

baseline 
26 (17.3) 46 (27.7) 0.032 

Lacunes at baseline 21 (14.1) 36 (21.8) 0.081 
Infarcts at baseline 6 (4.0) 17 (10.2) 0.049 
lncRNAs  
NKILA (ΔΔCt) 7.7E-5 

[3.7E-5 - 1.4E-4] 
1.2E-4 
[5.4E-5 - 1.9E-4] 

0.064 

GAS5 (ΔΔCt) 1.6E-5 
[8.2E-6 - 3.1E-5] 

1.4E-5 
[7.8E-6 - 2.2E-5] 

0.108 

H19 (ΔΔCt) 1.2E-4 
[8.0E-5 - 2.1E- 
4] 

1.5E-4 
[1.0E-4 - 2.4E- 
4] 

0.028 

FBG: fasting blood glucose; HbA1c: glycated hemoglobin; lncRNAs: long non- 
coding RNAs; MMSE: Mini-Mental State Examination; MRI: magnetic reso-
nance imaging. 

Fig. 2. H19 predicts all-cause mortality. A. Kaplan-Meier plot. Subjects are classified according to the cut-off of H19 derived by the Youden’s index. B. Forest-plot of 
the Cox proportional regression. Hazard ratio in the unadjusted regression analysis is intended for doubling of H19. Hazard ratio of the MMSE in the adjusted model 
is intended for unit score increase. Significant predictors are highlighted with red bars. MMSE= Mini-Mental State Examination. 
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to prevent the enlargement of the ischemic area, but it leads to later 
fibrosis [42]. As described above, the upregulation of H19 promotes a 
pro-inflammatory environment too, mainly led by resident macrophages 
[43]. Expression of H19 is reduced after reperfusion and in chronic 
ischemia, and this drop associates to a deterioration in cardiac function 
[36,44]. So, H19 seems to have a protective effect in myocardial 
ischemia, however it may also associate with a stronger progression to 
fibrosis. In this regard, different animal models of chronic heart injury 
displayed different roles for H19 in myocardial fibrosis. H19 is upre-
gulated in pressure overload and adriamycin toxicity, whereas it is 
downregulated in metabolic cardiomyopathy, and it expression seems to 
be protective in pressure overload, whereas it is deleterious in adria-
mycin toxicity and metabolic cardiomyopathy [45–47]. In the present 
study, no association was observed between circulating levels H19 and 
the history of arterial hypertension or cardiovascular diseases. Con-
cerning ischemic stroke, previous studies in murine models showed a 
reduction of the ischemic damage after H19 knock-down, likely due to a 
blunted inflammatory state [41,48]. Conversely, H19 seems to also have 

a pivotal role in neuronal regeneration after hypoxic damage [49]. In the 
present study, no association was observed between H19 circulating 
levels and the risk of incident ischemic brain lesions, suggesting a 
neutral effect of H19 on this clinically relevant endpoint. 

Based on the above-mentioned evidence, we can speculate that the 
increased mortality associated to the higher levels of H19 could be 
attributed to an increased risk of developing cancer and cardiovascular 
disorders, whereas a relevant role for glucose metabolism disorders 
seems unlikely. 

Interestingly, H19 is differentially expressed in the two sexes, with a 
higher expression in males, consistent with the shorter lifespan of male 
subjects. The mediator effect of H19 was confirmed by the mediation 
analysis model. Biological sex is known to affect lifespan in mammals, 
likely through multiple pathophysiological mechanisms (e.g., sex hor-
mones, lipid metabolism, and systemic inflammation) [50]. According 
to our results, we hypothesize that the differential expression of H19 
might be one of the several mechanisms by which sex affects lifespan, at 
least in the elderly. 

Table 2 
Baseline characteristics of enrolled subjects, meeting and not meeting the secondary study endpoints (ischemic brain lesions at magnetic resonance imaging).   

Any MRI lesion Lacunes Infarcts 
Parameter No 

(n = 195) 
Yes 
(n = 57) 

p No 
(n = 206) 

Yes 
(n = 46) 

p No 
(n = 241) 

Yes 
(n = 12) 

p 

Female sex 121 (62.1) 37 (64.9) 0.757 127 (61.7) 31 (67.4) 0.504 152 (63.1) 7 (58.3) 0.766 
Body mass index (kg/m2) 26.9 

[24.8–29.2] 
27.1 
[24.7–29.0] 

0.952 27.0 
[25.0–29.3] 

26.4 
[23.9–28.7] 

0.197 26.8 
[24.6–29.1] 

28.2 
[26.7–32.5] 

0.025 

Smokers (previous or 
current) 

76 (40.0) 26 (45.6) 0.540 81 (40.3) 21 (45.7) 0.512 98 (41.5) 5 (41.7) 0.999 

Medical history  
Diabetes mellitus 33 (17.4) 10 (17.5) 0.999 36 (17.9) 7 (15.2) 0.830 40 (16.9) 3 (25.0) 0.442 
Systemic arterial 

hypertension 
52 (28.3) 18 (31.6) 0.621 140 (71.8) 31 (67.4) 0.590 67 (29.1) 4 (33.3) 0.751 

Myocardial infarction 20 (10.5) 5 (8.8) 0.806 21 (10.6) 4 (8.7) 0.999 24 (10.3) 1 (8.3) 0.999 
Coronary artery disease 52 (28.6) 12 (21.4) 0.389 55 (28.5) 9 (20.0) 0.270 61 (26.8) 3 (27.3) 0.999 
Peripheral artery disease 23 (12.1) 8 (14.0) 0.655 24 (11.9) 7 (15.2) 0.621 30 (12.7) 1 (8.3) 0.999 
Symptomatic stroke 17 (8.9) 7 (12.3) 0.451 19 (9.5) 5 (10.9) 0.784 22 (9.3) 2 (19.7) 0.327 
MMSE 27.8 (1.7) 28.3 (1.6) 0.057 27.9 (1.7) 28.1 (1.6) 0.456 27.9 (1.7) 29.2 (0.9) 0.010 
Medications  
Insulin 9 (4.7) 2 (3.5) 0.999 9 (4.5) 2 (4.3) 0.999 11 (4.7) 0 (0.0) 0.999 
Oral anti diabetic 23 (12.1) 6 (10.5) 0.999 25 (12.4) 4 (8.7) 0.616 27 (11.4) 2 (16.7) 0.637 
Anti-hypertensive 141 (74.2) 42 (73.7) 0.999 150 (74.6) 33 (71.7) 0.711 174 (73.9) 9 (75.0) 0.999 
Lipid-lowering 52 (27.4) 14 (24.6) 0.735 53 (26.4) 13 (28.3) 0.854 66 (28.0) 1 (8.3) 0.189 
Anti-platelets 67 (35.3) 22 (38.6) 0.641 70 (34.8) 19 (41.3) 0.496 86 (36.4) 3 (25.0) 0.546 
Anticoagulants 15 (7.6) 6 (10.5) 0.588 18 (9.0) 3 (6.5) 0.773 18 (7.6) 3 (25.0) 0.070 
Biochemical parameters  
FBG (mg/dL) 103 [94–117] 101 [94–122] 0.862 103 [94–119] 101 [94–121] 0.491 102 [94–118] 105 [97–132] 0.381 
HbA1c (%) 5.7 [5.3–6.2] 5.8 [5.4–6.2] 0.638 5.7 [5.3–6.2] 5.6 [5.4–6.1] 0.967 5.7 [5.3–6.2] 5.8 [5.3–6.8] 0.509 
Total cholesterol (mg/dL) 235 [198–267] 232 [195–268] 0.980 235 [199–267] 227 [192–276] 0.643 233 [197–268] 240 [209–285] 0.473 
LDL-cholesterol (mg/dL) 146 [115–175] 139 [112–186] 0.970 147 [117–178] 136 [108–184] 0.493 146 [113–179] 152 [120–204] 0.354 
HDL-cholesterol (mg/dL) 57 [47–69] 57 [45–67] 0.699 57 [47–69] 61 [47–68] 0.619 57 [47–69] 56 [40–63] 0.176 
Triglycerides (mg/dL) 116 [88–154] 134 [92–171] 0.210 117 [90–159] 84 [134–167] 0.597 117 [88–159] 137 [100–183] 0.241 
Lp(a) (g/L) 0.09 

[0.09–0.19] 
0.09 
[0.09–0.16] 

0.374 0.09 
[0.09–0.19] 

0.09 
[0.09–0.14] 

0.225 0.09 [0.09–0.18] 0.12 [0.09–0.39] 0.343 

Fibrinogen (mg/dL) 385 [330–438] 354 [322–413] 0.051 380 [330–438] 353 [322–414] 0.073 379 [328–437] 365 [325–423] 0.813 
C-reactive protein (mg/dL) 3.0 [1.0–6.0] 2.0 [0.0–4.0] 0.194 3.0 [1.0–6.0] 2.0 [0.0–4.0] 0.317 3.0 [1.0–6.0] 2.0 [0.0–6.0] 0.483 
Creatinine (mg/dL) 1.1 [0.9–1.2] 1.1 [1.0–1.2] 0.060 1.1 [1.0–1.2] 1.1 [1.0–1.2] 0.113 1.1 [1.0–1.2] 1.1 [0.9–1.4] 0.627 
MRI findings  
Brain ischemic lesion at 

baseline 
41 (21.4) 17 (30.4) 0.208 44 (21.7) 14 (31.1) 0.178 54 (22.9) 4 (33.3) 0.483 

Lacunes at baseline 31 (16.3) 15 (26.8) 0.083 43 (18.4) 3 (25.0) 0.702 33 (16.4) 13 (28.9) 0.059 
Infarcts at baseline 12 (6.3) 5 (8.9) 0.548 13 (6.4) 4 (8.9) 0.522 16 (6.8) 1 (8.3) 0.584 
lncRNAs  
NKILA (ΔΔCt) 8.9E-5 

[5.1E-5 - 1.6E- 
4] 

6.5E-5 
[2.9E-5 - 1.7E- 
4] 

0.094 8.9E-5 
[5.1E-5 - 1.6E- 
4] 

5.4E-5 
[2.4E-5 - 1.4E- 
4] 

0.006 8.0E-5 
[4.3E-5 - 1.5E-4] 

1.5E-4 
[5.8E-5 – 4.0E-4] 

0.212 

GAS5 (ΔΔCt) 1.6E-5 
[8.3E-6 - 2.5E- 
5] 

1.5E-5 
[7.3E-6 - 2.5E- 
5] 

0.568 1.6E-5 
[83.3E-6 - 2.5E- 
5] 

1.5E-5 
[6.9E-6 - 2.5E- 
5] 

0.498 1.6E-5 
[7.9E-6 - 2.6E-5] 

1.5E-5 
[9.2E-6 – 3.0E-5] 

0.832 

H19 (ΔΔCt) 1.4E-4 
[8.3E-5 - 2.4E- 
4] 

1.5E-4 
[1.0E-4 - 1.9E- 
4] 

0.818 1.5E-4 
[9.6E-5 – 2.4E- 
4] 

1.4E-4 
[1.0E-4 - 1.8E- 
4] 

0.176 1.4E-4 
[8.6E-5 - 2.3E-4] 

1.5E-4 
[1.2E-4 - 2.2E-4] 

0.318 

FBG: fasting blood glucose; HbA1c: glycated hemoglobin; lncRNAs: long non-coding RNAs; MMSE: Mini-Mental State Examination; MRI: magnetic resonance imaging. 
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Results from the present study also suggest an inverse association 
between the lncRNA NKILA and incident lacunar stroke. This observa-
tion is largely in line with a previous pre-clinical study, showing that 
NKILA is a protective factor towards brain ischemia, by alleviating the 
inflammatory response and reducing oxidative stress [51]. NKILA (i.e. 
NF-κB Interacting lncRNA) is a recently identified lncRNA which in-
teracts with the pro-inflammatory transcription factor NF-κB and in-
hibits its transcriptional action [52]. In details, NKILA binds NF-κB at the 
p65 subunit in the cytoplasm, thus stabilizing the complex with its in-
hibitor IκB, and ultimately preventing the nuclear translocation of NF-κB 
[53]. Furthermore, the NKILA promoter region contains an NF-κB 
binding motif, suggesting a self-regulating feedback [54]. In epidemio-
logical and basic research studies, NKILA was associated with coronary 
artery disease and ischemic myocardial injury [55]. Moreover, it exerts a 
protective function towards myocardial ischemia, by promoting car-
diomyocytes survival [56]. However, its role in neuronal survival is still 
controversial since NKILA was reported to promote both neuronal death 
in the setting of Alzheimer dementia, as well as reducing neuro-
inflammation and oxidative stress in the setting of acute ischemic stroke 
[51,57]. 

The main strength points of the present study are the granular 
characterization of the cohort, with a long-term follow-up and the in-
clusion of brain MRI data, which allowed to detect asymptomatic 
ischemic lesions. At the same time, results should be interpreted with 
some caution. First, the predictive performance of H19 and NKILA as 
potential biomarkers for longevity and lacunar stroke, respectively, was 
not validated in an independent external cohort. Then, as in any 

observational study, the risk of residual confounding persists. However, 
the independent association using different model building approaches, 
which we confirmed internally by using resampling approaches, and its 
biological plausibility suggest high external validity. Furthermore, a 
sensitivity analysis by causes of death could not be performed, as the 
cause of death was not consistently documented. Finally, in the medi-
ation analysis model, the total effect estimate was not significant: this is 
likely due to the small size of the effects and to possible additional 
mediators, not included in the final model. However, the proposed 
model is biologically plausible and a specifically designed, basic-science, 
study is warranted to confirm the differential expression of H19 between 
sexes, on a molecular level.As regards the association between NKILA 
and lacunar stroke, the number of events was relatively low, thus 
reducing the overall generalizability of the multivariable model. 

In summary, the present study reports the association between high 
circulating levels of H19 and a higher risk of death. This is in line with 
previous reports of an association between H19 and accelerated aging 
[22,32–34]. Finally, H19 is differentially expressed between males and 
females, thus H19 could be considered as a molecular mediator of sexual 
dimorphism in lifespan. Whether H19 expression is genetically deter-
mined, or it is an acquired hallmark, is an intriguing question which 
warrants additional research. The present study also confirms the 
pre-clinical evidence about the protective effect of NKILA towards brain 
ischemia. This opens exciting research avenues to assess a potential 
therapeutic or diagnostic role of NKILA in vascular dementia. This latter 
aspect is particularly relevant, because vascular dementia is a common 
clinical entity; this notwithstanding, compared to other forms of 

Fig. 3. NKILA predicts the incidence of lacunar ischemic lesions. A. Kaplan-Meier plot. Subjects are classified according to the cut-off of NKILA derived by the 
Youden’s index. B. Forest-plot of the Cox proportional regression. Hazard Ratio in the unadjusted regression analysis is intended for doubling of NKILA. Significant 
predictors are highlighted with red bars. 

Fig. 4. Mediation model analysis. Sex is the independent variable, H19 is the mediator, and mortality is the outcome. ACME= Average Causal Mediated Effect; ADE=
Average Direct Effect. Variables included in the model are all dichotomized. 
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dementia, no specific treatment is available at present. The overall re-
sults highlight the role of lnc RNAs as early determinants of 
aging-related diseases, with a potentially causative role. In particular, 
the lncRNAs here investigated are both associated with chronic 
inflammation, which is a pathogenic feature of multiple age-related 
conditions, including cardiovascular diseases, sarcopenia and frailty 
[58]. Since lncRNAs are nowadays regarded as promising pharmaco-
logical targets, these results could be employed to investigate new pre-
ventive interventions in subjects with increased risk of age-related 
diseases. 
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