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Serum circulating sirtuin 6
as a novel predictor of mortality
after acute ischemic stroke
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In a murine model of acute ischemic stroke, SIRT6 knockdown resulted in larger cerebral infarct size,
worse neurological outcome, and higher mortality, indicating a possible neuro-protective role of
SIRT6. In this study, we aimed at evaluating the prognostic value of serum SIRT6 levels in patients
with acute ischemic stroke (AIS). Serum levels of SIRT6, collected within 72 h from symptom-onset,
were measured in 317 consecutively enrolled AlS patients from the COSMOS cohort. The primary
endpoint of this analysis was 90-day mortality. The independent prognostic value of SIRT6 was
assessed with multivariate logistic and Cox proportional regression models. 35 patients (11%)
deceased within 90-day follow-up. After adjustment for established risk factors (age, NIHSS, heart
failure, atrial fibrillation, and C reactive protein), SIRT6 levels were negatively associated with
mortality. The optimal cut-off for survival was 634 pg/mL. Patients with SIRT6 levels below this
threshold had a higher risk of death in multivariable Cox regression. In this pilot study, SIRT6 levels
were significantly associated with 90-day mortality after AlS; these results build on previous molecular
and causal observations made in animal models. Should this association be confirmed, SIRT6 could be
a potential prognostic predictor and therapeutic target in AlS.

Sirtuins are a family of nicotinamide adenine dinucleotide (NAD+)-dependent enzymes with multiple biochemi-
cal functions, the main being deacetylation of lysine residues of histone and non-histone proteins'. In mammals,
the sirtuin family is composed of seven different proteins, with different subcellular localization, tissue specific-
ity and molecular targets® Sirtuiné (SIRT6) has nuclear distribution, is ubiquitously expressed in the body, and
regulates multiple senescence-associated biological processes, such as oxidative stress, inflammation, autophagy,
genome stability, telomeres elongation and glucose homeostasis’.

Lee et al. observed that SIRT6 knockdown by RNA silencing, enhances senescence of endothelial cells (ECs)
in vitro, while reducing cell proliferation and network formation on Matrigel™. Consistently, the expression of
SIRT6 was reduced alongside senescence in ECs®. Although decreased SIRT6 expression may not be sufficient to
induce in vivo vascular senescence, the downregulation of SIRT6 may exacerbate vascular senescence, together
with external and/or additional factors such as oxidative stress’. Beyond senescence, SIRT6 has been shown to
play a role in impaired endothelium-mediated vasorelaxation®, endothelial proliferation*”, inflammation®, and
atherosclerotic plaque progression’.

The relationship between SIRT6 and the outcome of acute ischemic stroke (AIS) was recently explored in
a translational study by Liberale et al., reporting that SIRT6 knockdown is associated with larger infarct size,
worse neurological outcome and higher mortality in a murine model of acute brain ischemia. In detail, SIRT6
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knockdown was associated with larger permeability of the blood-brain barrier (BBB) and enhanced apoptosis,
both in vivo and in vitro. Finally, downregulation of SIRT6 was associated with a worsening neurological status,
assessed by the NIHSS over a time lapse of 7 days, in a small cohort of patients with AIS (n=14)".

Based on this evidence, we hypothesized that circulating levels of SIRT6 could be a predictor of post-stroke
mortality in humans. Thus, we conducted an explorative analysis in a subgroup of subjects from a well-charac-
terised previously published cohort!!.

Methods
Study design and procedures. The design of the study, with inclusion and exclusion criteria, as well
as the collected parameters and the handling of biological samples, were described previously (trial.gov NR
NCT00390962)'". In brief, a total of 605 consecutive patients with a suspected cerebrovascular event were ini-
tially enrolled within 72 h from symptom onset. 362 patients had a diagnosis of AIS defined according to the
World Health Organization criteria. Of those, serum was available for 317 patients which were included in the
analysis (Supplementary Fig. 1). Demographic variables, comorbidities and neurological deficits assessed by a
stroke neurologist using the National Institute of Health Stroke Scale (NIHSS) were collected on admission. Fol-
low up was performed via a structured telephone interview on day 90, blinded to SIRT6 levels.

The Ethics Committee of the University Hospital Basel approved the study protocol (EKBB#157/06) and
informed consent was obtained from all patients. Anonymized study data is available on reasonable request. All
methods were performed in accordance with the relevant guidelines and regulations.

Primary endpoint and sample size calculation. The primary endpoint of this analysis was mortality
up to 90 days after the index event.

Based on an expected effect size of 0.735'% and a type I error probability < 0.05, the number of events is suf-
ficient to achieve a statistical power of 0.8. Considering this study as a model with binary outcome, our sample
size satisfied the minimum size required for a mean absolute precision error (MAPE) <0.05 and an expected
uniform shrinkage factor < 10%, when assuming a proportion of overall variance explained (R%,)=0.1 and a
maximum number of 5 potential predictors>.

Serum SIRT6 measurement. Blood was collected in EDTA containing plastic tubes, centrifuged locally
at 3000g at 4 °C for 20 min and plasma was immediately aliquoted and frozen at — 80 °C. Serum levels of SIRT6
were measured through Enzyme-Linked Immunosorbent Assay (ELISA) with double-automated colorimetric
reading, according to manufacturer’s instructions (Cusabio; Houston, TX). The lowest detection threshold was
3.12 pg/mL. Intra- and inter-assay coefficients of variation were below 8% and 10%, respectively, as described
by the manufacturer.

Statistical analysis. The statistical analysis was conducted using STATA software package, version 16
(StataCorp LLC, TX). Discrete variables are summarized as counts (percentages) and continuous variables as
medians (interquartile ranges [IQR]) in the baseline characteristics. For two-group comparisons, Fisher’s exact
test and Mann-Whitney U test were used depending on the variable type. Common logarithmic transforma-
tion (base 10) was performed to normalize variables with skewed distributions (e.g. SIRT6 levels). Normality of
distributions was visually assessed through Q-Q plots.

To investigate the association of SIRT6 levels with the primary endpoint, univariable and multivariable logistic
regression models were constructed to calculate odds ratios and 95% confidence intervals. Potential confounders
were selected among well-established predictors for AIS-related mortality: age, National Institute of Health Stroke
Scale (NIHSS), chronic heart failure (CHF), atrial fibrillation (AF), and C-reactive protein (CRP). Number of
covariates was limited to 5 to prevent overfitting.

To assess the incremental predictive value of SIRT6, Areas under the Receiver Operator Characteristics curve
(AUROC) of the model with and without SIRT6 were compared with the likelihood ratio test.

To further investigate a possible non-linear relationship between SIRT6 levels and the outcome, additional
analysis was performed, including polynomial functions. Model fit was evaluated by comparison of AUROCs
of models with and without the polynomial term. Marginal effect of SIRT6 levels of the resulting model were
plotted for visualisation.

Further, an optimal out-of-sample cut-off for 90-day mortality was derived using Youden's index and applied
in Cox proportional hazard regression. Kaplan-Meier curves were plotted for visualisation.

Results

Cohort characteristics. A total of 317 patients were included in the final analysis. Of those, 90-day follow-
up was completed in 316 patients (99.7%). Median age of the cohort was 75 years [62-82], 40,5% were female.
Thirty-five (11.1%) patients deceased during follow up; of them 18 (51.4%) died of stroke or its direct compli-
cations, 7 (20.0%) for other cardiovascular complications and 10 (28.6%) for other non-cardiovascular causes.
Median SIRT6 levels were 989 pg/mL [797-1195]. Baseline characteristics stratified by 90-day mortality are
summarized in Table 1. No significant difference was detected in baseline characteristics of the patients across
the SIRT6 quartiles (Supplementary Table 1).

Association of SIRT6 serum levels with 90-day mortality. In univariable logistic regression, SIRT6
levels were significantly associated with 90-day mortality (OR 0.06, 95%-CI 0.01-0.52, p=0.01, per log,, unit
increase). This association remained significant after adjustment for well-established predictors of AIS-related
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90-day death
Parameter Total (n=316) No (n=281) Yes (n=35) P
Age (yrs) 65 [72-82] 74 [61-81] 83 [78-87] <0.001
Sex (males) 128 (40.5) 113 (40.2) 15 (42.9) 0.760
Medical history
Smoker 111 (35.1) 102 (36.3) 9(25.7) 0.220
Hypertension 239 (75.6) 211 (75.1) 28 (80.0) 0.520
Diabetes mellitus 58 (18.4) 51 (18.1) 7 (20.0) 0.790
Hypercholesterolemia 81 (25.6) 71 (25.3) 10 (28.6) 0.670
Chronic heart failure 46 (14.6) 36 (12.8) 10 (28.6) 0.013
Coronary artery disease 83 (26.3) 68 (24.2) 15 (42.9) 0.018
Atrial fibrillation 62 (19.6) 48 (17.1) 14 (40.0) 0.001
Peripheral artery disease 26 (8.2) 24 (8.5) 2 (5.7) 0.570
Clinical features
NIHSS 5[2-10] 4[2-8] 15 [8-25] <0.001
Etiology
Large-artery atherosclerosis 59 (18.7) 55 (19.6) 4(11.4) 0.357
Cardio-embolic 114 (36.1) 99 (35.2) 15 (42.9) 0.456
Small-vessel occlusion 50 (15.8) 49 (17.4) 1(2.9) 0.025
Other determined etiology 16 (5.1) 15(5.3) 1(2.9) 0.999
Undetermined etiology 77 (24.4) 63 (22.4) 14 (40.0) 0.035
Biochemical features
Fasting blood glucose (mmol/L) 6.1 [5.5-7.5] 6.0 [5.4-7.4] 6.2 [6.0-7.6] 0.210
Creatinine (ymol/L) 75.0 [63.0-89.0] | 75.0 [62.0-88.0] | 80.5 [64.0-92.0] 0.330
Total cholesterol (mmol/L) 4.38 [3.67-5.13] | 4.43 [3.75-5.17] |4.06 [3.32-4.79] 0.068
HDL-cholesterol (mmol/L) 1.33[1.09-1.99] | 1.33[1.10-1.58] |1.33[1.04-1.73] 0.960
LDL-cholesterol (mmol/L) 2.40 [1.78-3.04] |2.45[1.81-3.09] | 2.02 [1.60-2.87] 0.082
C reactive protein (mg/dL) 3.5[3.0-9.7] 3.1 [3.0-8.6] 13.1 [3.9-31.1] <0.001
Medications at discharge
Anti-platelet agents 132 (41.6) 115(40.9) 17 (48.6) 0.468
Vitamin K antagonists 30(9.5) 23(8.2) 7 (20.0) 0.034
Statins 70 (22.1) 61 (21.7) 8(22.9) 0.831

Table 1. Baseline characteristics at the time of enrolment in the overall population and after stratification for
90-day mortality. Data are presented as median [IQR] for continuous variables, and count (%) for categorical
ones. Comparisons are performed through Mann-Whitney U test and Fisher exact test. Significant p-values
are highlighted in bold. HDL: high-density lipoprotein; LDL: low-density lipoprotein, NIH: National Institute
of Health Stroke Scale.

Unadjusted Adjusted

Parameter OR 95% CI P OR 95% CI P

Log SIRT6 (pg/mL) 0.062 0.007-0.523 0.011 0.055 0.003-0.987 0.049
Age (years) 1.092 1.048-1.139 <0.001 1.129 1.058-1.204 <0.001
NIHSS 1.182 1.125-1.242 <0.001 1.178 1.103-1-258 <0.001
CHF 2.722 1.208-6.135 0.016 1.065 0.276-4.107 0.927
AF 3.236 1.538-6.811 0.002 0.702 0.212-2.322 0.526
Log CRP (mg/dL) 4.041 2.037-8.016 <0.001 3.336 1.381-8.061 0.007

Table 2. Multivariate logistic regression for 90-day mortality. OR is calculated for unit increase of the
independent variable (continuous variables) or for the presence of the factor (dichotomous variables).
Significant p-values are highlighted in bold. AF: atrial fibrillation; CHF: chronic heart failure; CRP: C reactive
protein; NTHSS: National Institute of Health Stroke Scale; SIRT®6: sirtuin 6.

mortality in a multivariable logistic regression model (OR 0.05, 95%-CI 0.01-0.99, p=0.045, adjusted for age,
sex, NITHSS, CHE AF and CRP) (Table 2). Adding SIRT6 to the model slightly increased its predictive accuracy,
with an increase in AUC from 0.901 (95%-CI 0.85-0.95) to 0.904 (95%-CI 0.85-0.96), p=0.041 (Fig. 1). Two
additional models were tested, to account for the potential prognostic role of AIS etiology and concomitant
coronary artery disease (CAD).
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Figure 1. ROC curves comparing the goodness-of-fit of three different predictive models: Model 1: age, NTHSS,
CHE AE CRP (log-transformed). Model 2: includes SIRT6 (log-transformed). Model 3: includes a second-
order polynomial function of SIRT6. AF: atrial fibrillation; CHF: chronic heart failure; CRP: C reactive protein;
NIHSS: National Institute of Health Stroke Scale; SIRT6: Sirtuin 6.

As reported in Table 1, small-vessel occlusion is associated with a reduced risk of death, whereas an unde-
termined cause is associated with an increased risk. These differences could be mediated by the clinical severity
at presentation and by systemic inflammation (Supplementary Fig. 2). So, in order to exclude co-linearity, a
conservative model including only age, SIRT6, small-vessel occlusion and undetermined etiology was tested
(Supplementary Table 2). However, after correction for potential confounders, only age and SIRT6 conserved
their statistical significance.

Similarly, the effect of CAD was not significant after correction for the other potential confounders (Sup-
plementary Table 3). The model including CAD has high risk of overfitting and co-linearity, since CHF is cor-
related to both AF and CAD. So, for the following analysis, the model was restricted to include age, sex, NIHSS,
CHE, AF and CRP.

After adding the second order polynomial into the multivariable model, to account for a possible non-linear
relationship between serum SIRT6 levels and 90-day mortality, the resulting model displayed a higher goodness-
of-fit, compared to the model including the log-transformed SIRT-6 levels (increase in AUC from 0.904 to 0.916,
p=0.01 after correction for potential confounders; Fig. 2). The resulting marginal effects on the probability of
death suggest a possible U-shaped relationship between SIRT6 levels and mortality, meaning an increased risk
of death not only for low levels, but also for highest levels of SIRT6 (Fig. 2).

The optimal out-of-sample cut-off, derived by Youden’s Index, was 634 pg/mL, approximating the 10th per-
centile of SIRT6 levels in this cohort. Patients with SIRT6 levels below 634 pg/mL had a higher risk of death
compared to patients with SIRT6 levels above 634 pg/mL (adjusted HR 5.05, 95%-CI 2.12-12.01, p <0.001; Sup-
plementary Table 4). Figure 3 provides Kaplan-Meier Estimates stratified by the cut-off of 634 pg/mL.

Discussion
The results of this pilot study on serum levels of SIRT6 in patients with AIS suggest that low serum levels of
SIRT6 are associated with a higher risk of death within 90 days from the event. This observation is supported
by the previously reported association between low expression of SIRT6 and negative neurological outcome in
a murine model of AIS'. The effect of SIRT6 levels on AIS-related mortality can be appreciated for very-low
serum levels of SIRT6 (around the 10th percentile). As a consequence, we propose that serum levels of SIRT6
below 634 pg/mL are significantly associated with an increased risk of death, as confirmed by the Cox propor-
tional regression analysis.

The above-described results should be considered as hypothesis-generating, rather than a conclusive evidence,
because the predictive role of SIRT6 serum levels requires validation in a larger, independent cohort.

Although the role of some Sirtuins, especially SIRT1, is well-established in cardiovascular senescence and
disease', the evidence about the role of SIRT® is still controversial. A low expression of SIRT6 was associated
with accelerated atherosclerosis'>'¢, endothelial dysfunction®!” and senescence of the endothelial cells*-, and
therefore proposed as a predictor of coronary artery disease'? and a negative prognostic factor in myocardial
infarction'®". However, to the best of our knowledge, this is the first report to describe the association between
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Figure 2. Margin effect of SIRT6 levels for the prediction of the primary outcome.
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Figure 3. Comparison of overall survival between patients with high and low levels of SIRTS, through Kaplan-
Meier curve estimates.

SIRT6 and post-stroke mortality in humans. In the above-mentioned pre-clinical study, SIRT6 knockdown
was associated with increased apoptosis of endothelial cells in the brain microcirculation and, consequently,
increased permeability of the blood-brain barrier'’. This is a key process determining reperfusion damage in
acute ischemic stroke? and could therefore contribute to the higher mortality of patients, observed in the present
study. SIRT6 is also involved in additional pathophysiological processes, that could explain the increased risk
of death among patients presenting very-low serum levels. SIRT6 expression was associated to the suppression
of pro-inflammatory pathways®"** and, therefore, SIRT6 reduction promotes systemic inflammation® and neu-
roinflammation after an acute brain damage***. Inflammation has a detrimental role on the natural course of
AIS?, as confirmed by the independent association between CRP and mortality herein reported. Interestingly,
the association between SIRT6 and mortality was independent of CRP, indicating that systemic inflammation
is not the unique mechanism driving this association. Ultimately, SIRT6 could have a neuroprotective role in
the setting of acute brain ischemia. In general, low levels of SIRT6 are associated with a higher susceptibility
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to neurons degeneration in different neurodegenerative diseases?’. Besides, the antioxidant effect of SIRT6 has
been found to protect neurons from the ischemia/reperfusion injury?. In this regard, we must acknowledge that
the current study does not specifically tackle neuroprotection, since we did not show any association between
SIRT6 and neurological functional outcome. In this regard, future studies focusing on ischemic volume and
neurological outcomes are needed.

Additional analysis, including a second order polynomial function to account for possible non-linear asso-
ciation, suggests that the relationship between SIRT6 and AIS-related mortality could be indeed U-shaped,
with an increasing risk of death not only for very-low, but also very-high levels of SIRT6. Comparing AUROCs
of resulting models confirmed that the non-linear model relationship performed significantly, although only
slightly, better than the one restricted to a linear relationship. To the best of our knowledge, no previous clini-
cal or pre-clinical study described an association between very-high levels of SIRT6 and any cardiovascular
or neurological disorder. Results of the translational study from Liberale et al.'® suggests that SIRT6 prevents
endothelial apoptosis, thus maintaining the integrity of the blood-brain barrier and preventing the progression
of the damage caused by its leakiness. However, translational studies on solid tumors observed that high levels
of SIRT6 may have a pro-apoptotic effect too**’. Whether these results can be replicated in vascular tissue is still
unclear, therefore, further studies in pre-clinical models, as well as independent cohorts of patients, are needed
to clarify the potential role of very-high SIRT6 levels in AIS.

Early anticoagulation in patients with AF and AIS is strongly recommended in current guidelines®, to reduce
the risk of AIS recurrence. Surprisingly, we found that patients receiving anticoagulants at discharge, displayed
also a higher 90-day mortality. However, this result must be cautiously pondered. First of all, present data were
collected before the introduction of direct oral anticoagulant agents, so they do not portray the current state-of-
art in the management of AF. Furthermore, this result is highly influenced by the concomitant presence of AF
itself, which is a negative prognostic factor.

The main limitations of the present study are represented by the small sample size, and in particular the small
incidence of events (11.1%), which prevented us from performing a broad and thorough analysis of potential
confounders. Besides, data about the acute treatment of the stroke were not available. Furthermore, we did not
include a control group of patients without AIS in the analysis, so we cannot rule out a potential overlap between
the values that we associated to an increased risk of negative outcome and values in a healthy population. Finally,
the current lack of an independent cohort prevented us from validating the predictive role of SIRT6 on the risk
of AIS-related death.

Should the association between SIRT6 and AIS-related mortality be confirmed, circulating levels of SIRT6
could help stratifying the risk of patients with AIS, in order to optimize the management of the patients with
highest risk. Furthermore, multiple potential activators of SIRT6 are currently under investigation®? and some
of these molecules could be successfully trialled in the future, also in AIS. Indeed, no specific treatment is cur-
rently available to improve the prognosis of patients with AIS, beyond systemic thrombolysis and/or mechanical
thrombectomy, and this is the most urgent clinical need in this field.

In conclusion, SIRT6 levels, determined within 72 h from the onset of symptoms, are associated with 90-day
mortality after AIS. These results confirm previous observations in animal models in a well-characterized patient
cohort. Further studies are needed to validate the potential value of SIRT6 as a predictive biomarker in an inde-
pendent larger validation cohort.

Data availability

Original database is available on motivated request by the corresponding Author.

Received: 20 April 2022; Accepted: 26 October 2022
Published online: 28 November 2022

References
1. Winnik, S., Auwerx, J., Sinclair, D. A. & Matter, C. M. Protective effects of sirtuins in cardiovascular diseases: From bench to
bedside. Eur. Heart J. 36, 3404-3412 (2015).
2. Houtkooper, R. H., Pirinen, E. & Auwerx, J. Sirtuins as regulators of metabolism and healthspan. Nat. Rev. Mol. Cell Biol. 13,
225-238 (2012).
. Li, X. et al. SIRT6 in senescence and aging-related cardiovascular diseases. Front. Cell Dev. Biol. 9, 641315 (2021).
4. Cardus, A., Uryga, A. K., Walters, G. & Erusalimsky, J. D. SIRT6 protects human endothelial cells from DNA damage, telomere
dysfunction, and senescence. Cardiovasc. Res. 97, 571-579 (2013).
5. Lee, O.-H. et al. Sirtuin 6 deficiency induces endothelial cell senescence via downregulation of forkhead box M1 expression. Aging
12, 20946-20967 (2020).
6. Xu, S. et al. SIRT6 protects against endothelial dysfunction and atherosclerosis in mice. Aging 8, 1064-1082 (2016).
7. Lappas, M. Anti-inflammatory properties of sirtuin 6 in human umbilical vein endothelial cells. Mediators Inflamm. 2012, 597514
(2012).
8. Kawahara, T. L. A. et al. SIRT6 links histone H3 lysine 9 deacetylation to NF-kappaB-dependent gene expression and organismal
life span. Cell 136, 62-74 (2009).
9. Wang, T. et al. Sirt6 stabilizes atherosclerosis plaques by promoting macrophage autophagy and reducing contact with endothelial
cells. Biochem. Cell Biol. 98, 120-129 (2020).
10. Liberale, L. et al. Endothelial SIRT6 blunts stroke size and neurological deficit by preserving blood-brain barrier integrity: A
translational study. Eur. Heart J. 41, 1575-1587 (2020).
11. Katan, M. et al. Midregional pro-atrial natriuretic peptide and outcome in patients with acute ischemic stroke. J. Am. Coll. Cardiol.
56, 1045-1053 (2010).
12. Yan, Z. et al. Decreased serum SIRT6 as a novel predictor of coronary artery disease. Eur. Rev. Med. Pharmacol. Sci. 25, 6660-6669
(2021).
13. Riley, R. D. et al. Calculating the sample size required for developing a clinical prediction model. BMJ 368, m441 (2020).
14. Ministrini, S. et al. Sirtuin 1 in endothelial dysfunction and cardiovascular aging. Front. Physiol. 12, 733696 (2021).

w

Scientific Reports |

(2022) 12:20513 | https://doi.org/10.1038/s41598-022-23211-y nature portfolio



www.nature.com/scientificreports/

15. Sosnowska, B. et al. The sirtuin family members SIRT1, SIRT3 and SIRT6: Their role in vascular biology and atherogenesis. Ath-
erosclerosis 265, 275-282 (2017).

16. Arsiwala, T. et al. Sirt6 deletion in bone marrow-derived cells increases atherosclerosis—Central role of macrophage scavenger
receptor 1. J. Mol. Cell Cardiol. 139, 24-32 (2020).

17. Liu, Z., Wang, J., Huang, X., Li, Z. & Liu, P. Deletion of sirtuin 6 accelerates endothelial dysfunction and atherosclerosis in apoli-
poprotein E-deficient mice. Transl. Res. 172, 18-29.e2 (2016).

18. Maksin-Matveev, A. et al. Sirtuin 6 protects the heart from hypoxic damage. Exp. Cell Res. 330, 81-90 (2015).

19. Khan, D. et al. SIRT6 deacetylase transcriptionally regulates glucose metabolism in heart. J. Cell Physiol. 233, 5478-5489 (2018).

20. Jurcau, A. & Simion, A. Neuroinflammation in cerebral ischemia and ischemia/reperfusion injuries: From pathophysiology to
therapeutic strategies. Int. . Mol. Sci. 23, 14 (2021).

21. Qin, Y, Cao, L. & Hu, L. Sirtuin 6 mitigated LPS-induced human umbilical vein endothelial cells inflammatory responses through
modulating nuclear factor erythroid 2-related factor 2. J. Cell Biochem. https://doi.org/10.1002/jcb.28407 (2019).

22. Zhang, R. et al. Sirtuiné6 inhibits c-triggered inflammation through TLR4 abrogation regulated by ROS and TRPV1/CGRP. . Cell
Biochem. 119, 9141-9153 (2018).

23. Lee, H.-S. et al. Overexpression of sirtuin 6 suppresses inflammatory responses and bone destruction in mice with collagen-induced
arthritis. Arthritis Rheum. 65, 1776-1785 (2013).

24. Lee, O.-H. et al. Decreased expression of sirtuin 6 is associated with release of high mobility group box-1 after cerebral ischemia.
Biochem. Biophys. Res. Commun. 438, 388-394 (2013).

25. Zuo, Y. et al. Activation of retinoid X receptor by bexarotene attenuates neuroinflammation via PPARy/SIRT6/FoxO3a pathway
after subarachnoid hemorrhage in rats. J. Neuroinflamm. 16, 47 (2019).

26. Ministrini, S., Carbone, F. & Montecucco, E Updating concepts on atherosclerotic inflammation: From pathophysiology to treat-
ment. Eur. . Clin. Investig. 51, 13467 (2021).

27. Liu, G., Chen, H,, Liu, H., Zhang, W. & Zhou, J. Emerging roles of SIRT6 in human diseases and its modulators. Med. Res. Rev. 41,
1089-1137 (2021).

28. Zhang, W., Wei, R., Zhang, L., Tan, Y. & Qian, C. Sirtuin 6 protects the brain from cerebral ischemia/reperfusion injury through
NRF2 activation. Neuroscience 366, 95-104 (2017).

29. Ouyang, L. et al. SIRT6 overexpression induces apoptosis of nasopharyngeal carcinoma by inhibiting NF-&kappa;B signaling.
OTT 11, 7613-7624 (2018).

30. Song, L. et al. Icariin-induced inhibition of SIRT6/NF-«B triggers redox mediated apoptosis and enhances anti-tumor immunity
in triple-negative breast cancer. Cancer Sci. 111, 4242-4256 (2020).

31. 2021 Guideline for the Prevention of Stroke in Patients With Stroke and Transient Ischemic Attack: A Guideline From the American
Heart Association/American Stroke Association. https://doi.org/10.1161/STR.0000000000000375.

32. Fiorentino, F. et al. The two-faced role of SIRT6 in cancer. Cancers 13, 1156 (2021).

Author contributions

L.L. and S.M. wrote the manuscript; M. A. performed the statistical analysis; Y.M.P. and G.B. acquired laboratory
data; T.P,, N.S. and J.S. collected and stored clinical data; M.C.C. and EM. reviewed the data and manuscript;
G.G.C. and M.K.K. designed the protocol and supervised the research. All the authors approved the final ver-
sion of the manuscript.

Fundin

This workgwas supported by the Swiss National Science Foundation (310030_175546), the Swiss Heart Founda-
tion, Alfred and Annemarie von Sick Grants for Translational and Clinical Research Cardiology and Oncology,
and the Foundation for Cardio-vascular Research-Zurich Heart House to Prof. Camici; and by the Swiss National
Science Foundation (182267) and the Swiss Heart Foundation to Prof. Katan Kahles.

Competing interests

Dr. Liberale and Prof. Camici are coinventors on the International Patent W0O/2020/226993 filed in April 2020;
the patent relates to the use of antibodies which specifically bind interleukin-1a to reduce various sequelae of
ischemia-reperfusion injury to the central nervous system. Prof. Camici is a consultant to Sovida solutions lim-
ited. Dr Liberale has received financial support from the Swiss Heart Foundation and the Novartis Foundation
for Medical-Biological Research. Dr. Arnold has received speaker honoraria outside of this work from Daichi-
Sankyo. Dr. Arnold reports grants from the Kurt und Senta Hermann Stiftung during the conduct of the study.
Dr. Arnold received personal fees from Bayer, BMS, Covidien, Medtronic, Amgen, Daiichi Sankyo, Nestle Health
Science, and Boehringer Ingelheim, outside the submitted work. Prof. Christ-Crain received speaker honoraria
from Thermo Fisher AG. Prof. Montecucco has received financial support from the “Rete Cardiologica” of Italian
Ministry of Health (#2754291). Prof. Camici is the recipient of a Sheikh Khalifa’s Foundation Assistant Profes-
sorship at the Faculty of Medicine, University of Zurich. Prof. Katan Kahles reports grants from Spital-Pool of
the University Hospital of Zurich and EMDO Foundation during the conduction of the study. Prof. Katan Kahles
received non-financial support from Spital-Pool of the University Hospital of Zurich and ROCHE, outside the
submitted work. None of the remaining Authors has potential conflict of interest to disclose. All other Authors
declare no conflict of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-23211-y.

Correspondence and requests for materials should be addressed to M.K.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:20513 | https://doi.org/10.1038/s41598-022-23211-y nature portfolio


https://doi.org/10.1002/jcb.28407
https://doi.org/10.1161/STR.0000000000000375
https://doi.org/10.1038/s41598-022-23211-y
https://doi.org/10.1038/s41598-022-23211-y
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:20513 | https://doi.org/10.1038/s41598-022-23211-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Serum circulating sirtuin 6 as a novel predictor of mortality after acute ischemic stroke
	Methods
	Study design and procedures. 
	Primary endpoint and sample size calculation. 
	Serum SIRT6 measurement. 
	Statistical analysis. 

	Results
	Cohort characteristics. 
	Association of SIRT6 serum levels with 90-day mortality. 

	Discussion
	References


