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Abstract: Hydrogen sulfide (H;S) is an endogenous gasotransmitter that promotes multiple biological
effects in many organs and tissues. An imbalanced biosynthesis of H,S has been observed in
animal models of age-related pathological conditions. However, the results from human studies are
inconsistent. We performed a systematic review with meta-analysis of studies searched in Medline,
Embase, Scopus, and CENTRAL databases. We included observational studies on patients with
age-related diseases showing levels of H,S in blood, plasma, or serum. All the analyses were carried
out with R software. 31 studies were included in the systematic review and 21 in the meta-analysis.
The circulating levels of H,S were significantly reduced in patients with progressive, chronic, and
degenerative diseases compared with healthy people (standardized mean difference, SMD: —1.25;
95% confidence interval, CI: —1.98; —0.52). When we stratified results by type of disorder, we
observed a significant reduction in circulating levels of H,S in patients with vascular disease (e.g.,
hypertension) (SMD: —1.32; 95% CI: —2.43; —0.22) or kidney disease (SMD: —2.24; 95% CI: —4.40;
—0.08) compared with the control group. These results could support the potential use of compounds
targeting the “H,S system” to slow down the progression of many diseases in the elderly.

Keywords: hydrogen sulfide; aging; age-related diseases; hypertension; type 2 diabetes; kidney
disease; systematic review; meta-analysis

1. Introduction

Hydrogen sulfide (H,S) is a gaseous molecule with the typical smell of rotten eggs,
known only as a toxic agent until 1996, when Abe and Kimura described for the first time
its biosynthesis in mammals [1]. Together with carbon monoxide (CO) and nitric oxide
(NO), H,S is now recognized as the third endogenous gasotransmitter, which exhibits
a plethora of beneficial effects in many organs and tissues [2,3]. The biosynthesis of
H,S can start directly from the amino acid L-Cysteine or derive from the condensation
between L-Cysteine and homocysteine that occurs in the transsulfuration pathway [4].
Under physiological conditions, the endogenous production of HyS mainly results from the
pyridoxal 5’-phosphate-dependent enzymatic activity of cystathionine 3-synthase (CBS)
and cystathionine y-lyase (CSE), which are constitutively expressed in several systems
with few differences in their localization. CSE is mainly present in the cardiovascular
(CV) system, while CBS is expressed in the central nervous system (CNS), kidney, gut,
liver, and pancreas. However, it is currently accepted that the localization of CBS and
CSE enzymes is not so stringent, as CBS participates in the production of H,S in the CV
system and vice versa [5]. The cysteine aminotransferase (CAT) and 3-mercaptopyruvate
sulfurtransferase (3-MST) enzymes also take part in the biosynthesis of H»S in mammals [6]
and contribute to the maintenance of physiological concentrations of the gasotransmitter in
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the blood [7,8]. Finally, a smaller amount of H,S derives from the sulfate-reducing activity
of the intestinal microbiota [9].

Once produced, the small and lipophilic gaseous molecule H,S can rapidly cross cell
membranes and act on many sarcolemmal and intracellular targets to produce multiple
effects, from vasorelaxant to antioxidant and anti-inflammatory ones [10-12]. The precise
mechanism of action of H,S has been described and consists mainly, but not exclusively,
in the promotion of S-sulthydration (or S-persulfidation) reactions on thiol residues of
proteins [13,14]. This post-translational modification leads to changes in the structure
and function of target proteins, thus modulating their activity [13]. For instance, H,S
promotes the relaxation of blood vessels mainly via activation of ATP-sensitive potassium
channels (Katp) [10] and voltage-gated potassium channels (Kv7) [15], in part through
S-sulfhydration reactions [16-18]. Moreover, via S-sulfhydration of cysteine residues,
H,S protects cells from oxidative stress by activating the antioxidant Keap1/Nrf2/ARE
pathway [19] and exerts anti-inflammatory effects by inhibiting the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-«B) [20]. Therefore, both natural and synthetic
compounds able to slowly release H,S (i.e., HyS-donors) have been recently proposed as
potential candidates for the prevention and treatment of many CV and non-CV diseases
characterized by chronic oxidative stress and sub-clinic inflammation, such as hypertension,
cardiomyopathy, atherosclerosis, and type 2 diabetes (T2D) [21-26].

In this regard, the discovery of new therapeutic options able to prevent the onset of age-
related diseases and slow their progression represents a major challenge nowadays since
population aging is becoming a crucial issue in modern societies due to its massive impact
on public health expenditure [27]. Of note, an impaired endogenous production of H,S has
been observed in many animal models of age-related disorders (i.e., hypertension, T2D,
atherosclerosis, etc.) [28-30]. The recent hypothesis that H,S has a role in the aging process
further supports the use of H,S donors in the pharmacological treatment of age-related
diseases to counteract the “oxi-inflamm-aging” process and reconstitute “H,S homeostasis”.
However, a critical summary of the literature is still missing, and the clinical data are poor
and quite controversial. For instance, as well as for the “king” of gasotransmitters NO, the
endogenous production of HjS is reported to be enhanced under sudden inflammatory
states or acute exacerbations of chronic diseases, probably to compensate for the endothelial
damage and counteract the massive production of pro-inflammatory mediators that occurs
after acute stimuli [31-33]. As concerns chronic age-related disorders, instead, many
studies reported a marked decrease in HyS levels or expression of HyS-producing enzymes
in patients with diabetes [23,34], hypertension [35], chronic hemodialysis (CHD), and
chronic kidney disease (CKD) [36], while other studies showed an increased biosynthesis
of H,S in aged people with disease [37].

A comprehensive overview of circulating levels of H,S could clarify the potential role
of the gasotransmitter in the most common age-related diseases. This could support the
pharmacological modulation of the endogenous “H;S system” (e.g., with H,S biosynthesis
activators/inhibitors or HyS donors) to slow down the aging process and restore the
physiological levels of the endogenous gasotransmitter in patients with disease, opening a
new scenario in the management of aging. Furthermore, if a positive association between
changes in the biosynthesis of H,S and the onset/progression of age-related disorders is
confirmed, circulating levels of H,S might serve as a new biomarker for several diseases.

The aim of this systematic review and meta-analysis is to summarize evidence from
papers investigating circulating levels of HjS in patients affected by the most common
age-related disorders.

2. Materials and Methods

The protocol has been registered in the PROSPERO database (CRD42023405958).
The systematic review and meta-analysis have been performed following the preferred
reporting items for systematic reviews and meta-analysis (PRISMA) guidelines.
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2.1. Search Strategy and Study Selection

Medline (via Pubmed), Scopus, Embase, and CENTRAL (via the Cochrane Library)
databases have been used for searching studies published until 7 December 2022. The
search strategy was generated by combining three terms with the Boolean operator “AND”.
Hydrogen sulfide represented the first term, a biological sample (blood, plasma, or serum)
the second term, and the pathological condition of interest (age-related disorders) the third
term (Supplementary Material S1).

Two authors, E.P. and M.A.M., screened titles and abstracts independently. Based on
the inclusion and exclusion criteria, papers were classified as non-relevant or potentially
eligible. Any disagreement was discussed with another author (E.L.).

The full text of the potentially eligible articles was then retrieved. Whenever possible,
unavailable full texts were directly requested from the first author of the study. Moreover,
two authors (E.P. and M.A.M.) checked the full texts and excluded studies that did not
meet the predefined inclusion criteria.

The selection process was managed using the bibliographic management software
Mendeley Desktop (v1.19.6).

2.2. Inclusion and Exclusion Criteria

We included studies on patients with the most common age-related disorders (hy-
pertension, T2D, cancer, etc.) [38,39], without restrictions of gender, age, or presence of
comorbidities. The primary variable of interest was the circulating levels of H,S measured
in blood, plasma, or serum. We excluded records reporting concentrations of H,S in organs
and tissues, as they are not directly comparable to circulating levels of H,S. We included
comparative observational studies (cohort, case-control, and cross-sectional). Studies not
written in English, abstracts/posters, letters to editors, reviews, clinical trials, and case
reports were also excluded.

2.3. Data Extraction

We extracted the following information: study design; number and general char-
acteristics of patients, such as age and gender; list of the exclusion criteria; matching
methods, if described; biological sample used; analytical technique employed; description
of sample collection; circulating levels of H;S in patients with and without disease. When
different stages of disease were considered, the mean concentration of H,S was extracted
or calculated.

The data collection was carried out independently by two authors, E.P. and M.A.M.,
using the spreadsheet software Microsoft Excel (version 2102 build 13801.20864). Any
discrepancies were discussed with a third reviewer (E.L.).

2.4. Quality Assessment

The methodological quality of the included studies was assessed independently by
two authors (E.P. and M.A.M.) with a modified version of the Joanna Briggs Institute (JBI)
Critical Appraisal Checklist for case-control studies or cross-sectional studies. The checklist
for case-control studies is composed of 10 domains evaluating the comparability between
groups, the appropriateness of the matching method, the clarity of inclusion/exclusion
criteria, the description of study subjects and settings, the size of experimental groups,
the close representation of the target/reference population under investigation, the iden-
tification of confounding factors and/or strategies to deal with confounding factors, the
validity and reliability of the H,S measurement method, and the statistical analysis used.
Each domain was classified as having a high risk of bias (score = 0) or a low risk of bias
(score = 1). For case-control studies, the total score ranged from 0 to 10. Studies were
classified as at high risk of bias for a total score of 0-5, at moderate risk of bias for a total
score of 6-8, and at low risk of bias for a total score of 9-10.

For cross-sectional studies, the comparability between groups and the appropriateness
of the matching method were not considered in the JBI Critical Appraisal Checklist. There-



Biomolecules 2023, 13, 1023

40f16

fore, the maximum total score for cross-sectional studies was 8. Studies were classified as
having a high risk of bias for a total score of 0—4, a moderate risk of bias for a total score of
5-6, and a low risk of bias for a total score of 7-8.

2.5. Statistical Analysis

Studies reporting circulating levels of H,S in patients with disease and healthy controls
were included. We used concentration values calculated as mean = standard deviation (SD).
For studies reporting the standard error of the mean (SEM), SD was obtained by multiplying
the SEM by the square root of the number of patients per group. If results of the primary
studies were not shown as mean with SEM or SD (i.e., for studying reporting values as
median and interquartile range), we estimated means and SD according to the equations
reported by Hozo et al. [40]. We performed meta-analyses of standardized mean differences
(SMD) using random effect models. Pooled SMD were considered significant if the reported
95% confidence intervals did not include 0. The inverse variance method was used to obtain
study-specific weights, while the restricted maximum-likelihood (REML) estimate was used
for estimating tau squared (t 2). Higgins I? statistic was used to investigate heterogeneity.
An overall meta-analysis was performed, including all patients, to evaluate the difference
in circulating H,S levels between patients with disease and healthy subjects. We also
performed meta-analyses stratified by etiopathogenesis and/or clinical features of the
included diseases and by the most represented chronic age-related diseases (i.e., vascular
diseases, T2D, and CKD). For studies reporting more than one disease group, we aggregated
their means and SD weightings by sample size. For T2D and CKD, sensitivity analyses
were also performed to evaluate the difference between SMD resulting from aggregated
and non-aggregated diseases. A stratified meta-analysis according to the risk of bias was
performed. For all meta-analyses, influence analyses were also performed. All the analyses
were carried out with R software version 4.2.2.

3. Results
3.1. Systematic Review

Records identified were 6573 through Medline searching, 2253 through Embase search-
ing, 3239 through Scopus searching, and 78 through CENTRAL searching. After removal
of duplicates, 8892 titles and abstracts were screened, and 107 full texts were assessed for
eligibility. According to the inclusion criteria, 76 studies were excluded, and the qualitative
synthesis was conducted on 31 records [37,41-70]. Of them, 10 studies showed circulating
levels of H;,S exclusively in graphical form. Therefore, meta-analysis was performed on
21 studies [42,43,46-48,53-59,61-65,67-70] (Figure 1).

The results of the systematic review are shown in detail in Table S1 and summarized
in Table 1. Twenty-four records included in the qualitative synthesis were case-control
studies [37,41,42,44-46,48,49,51-54,56-58,60-62,64—68,70], while seven were cross-sectional
studies [43,47,50,55,59,63,69]. Most papers reported circulating levels of H,S in patients
with chronic age-related diseases, except for the two records evaluating concentrations of
H,S in patients with acute myocardial infarction (AMI) [41,42]. In these studies, biological
samples (serum or plasma) were collected 1-10 h after the clinical manifestation of AMI
(chest pain).

The most represented disorders were T2D [43,49,51,52,61,62,64,67], kidney disease
(CKD/CHD) [48,53,54,58,66], kidney disease plus T2D [48,54], hypertension [37,46,57,65,69],
vascular disease [47,56,59], and cancer [37,68]. Patients with disease had a mean age of
54.2 years, and 79.4% were men. In the control group, the mean age was 48.2 years, and
68.6% were men. The control group consisted of healthy patients or, more generally, patients
without the disease of interest. However, in some studies, patients in the control group
and patients with diseases shared comorbidities. This apparent difference in age, gender,
and baseline risk between patients with and without disease was considered in the items
related to comparability between groups and the presence of confounding factors in the
quality assessment tools (Section 3.2).
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Records identified from:
= Medline (n = 6573)
= Embase (n = 2253)
= Scopus (n = 323%)
+« CENTRAL (n=78)

Records removed before screening.
Duplicate records removed
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)
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Y
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Figure 1. Flow chart of the search.

Y

Studies included in the
systematic review (n = 31)

Studies included in the
meta-analysis (n=21)

Reports excluded (n= 76}

+ Non-English language (n=7)

« Posters/abstracis (n = 13)

+ Reviews/letiers to editorsicase
reports/ pre-clinical studies (n=7)

* Measurement of HzS levels
missing (n = 12)

+ Measurement of HzS levels in
organs and fissues (n = 18)

= Control group missing (n = 10)

« Control group with disease (n = 9)

Table 1. Summary of the characteristics of the studies included in the systematic review. List of
abbreviations: CHD: chronic hemodialysis; CKD: chronic kidney disease; COPD: chronic obstruc-
tive pulmonary disease; T2D: type 2 diabetes. Legend: * gas chromatography (GC, one study);
high performance liquid chromatography (HPLC, two studies); lead acetate (one study); liquid
chromatography-tandem mass spectrometry (LC-MS/MS, two studies). ** acute exacerbation of
chronic obstructive pulmonary disease/chronic obstructive pulmonary disease (AE-COPD/COPD,
three study arms) [44,63]; acute myocardial infarction (two study arms) [41,42]; Alzheimer’s disease
and related dementias (one study arm) [45]; heart failure (one study arm) [60]; ocular disease (ocu-
lar hypertension, normal tension glaucoma, primary open-angle glaucoma, three study arms) [55];
osteopenia/osteoporosis (one study arm) [50]; overweight (one study arm) [67].

Study Design
(n. of Studies;

n. of Patients/Controls)

Case Control: 24; 1581/690
Cross-Sectional: 7; 640/785

Mean age Control: 48.2
(years) Disease: 54.2
Gender Control: 78.6

(male, %)

Disease: 79.4

Biological sample
(n. of studies)

Plasma: 20
Serum: 8
Blood: 3
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Table 1. Cont.

Study Design
(n. of Studies;
n. of Patients/Controls)

Case Control: 24; 1581/690
Cross-Sectional: 7; 640/785

Spectrophotometric method: 13

M ¢ Sulfide-sensitive electrodes: 6
casuremen ELISA kit: 3

Method (n. of studies) Fluorescent/luminescent probes: 3
Others *: 6

T2D: 7; 541/688
T2D + proliferative retinopathy: 1; 25/25
T2D + non-proliferative retinopathy: 1; 25/25
T2D + cardiomyopathy: 1; 32/-

Type of disease CKD/CHD: 5; 328/138
(n. of study arms; CHD + T2D: 2;42/40

1. of patients/ controls) Hypertension: 5; 317 /224
Vascular disease: 3; 397/84
Cancer: 3;40/25
Others **: 10; 474/327

Most studies reported the concentration of HyS in plasma [37,42,45,47-49,53-60,62,64-67,69] or
serum [41,43,44,46,50,63,70], except for three studies in which levels of H,S have been
measured in the whole blood [51,52,68]. Several methods have been used to detect circulat-
ing levels of H,S, but the most prevalent were spectrophotometric methods (methylene
blue) [43,47,48,51-53,55,57,58,62,64,65,67], sulfide-sensitive electrodes [44,49,54,63,66,70],
and the use of fluorescent/luminescent probes [42,46,68]. Other techniques included the
use of ELISA kits [37,41,50], high performance liquid chromatography (HPLC) [45,59],
liquid chromatography coupled with mass spectrometry (LC-MS/MS) [61,69], gas chro-
matography (GC) [60], and the lead acetate method [56].

3.2. Risk of Bias Assessment

Table S2 shows the results of the risk of bias assessment of case-control studies. Four-
teen out of twenty-four case-control studies included in the systematic review were en-
dowed with a high risk of bias (score 0-5 in the JBI Critical Appraisal Checklist for case-
control studies) [37,41,42,44-46,48,49,51,56,60,64,67,68], mainly for the absence of clearly
stated inclusion and exclusion criteria, for the lack of heterogeneity of the studied popula-
tion (which made patients with disease not representative of the “real-world” population
for age, gender, or presence of comorbidities), for the use of an analytical technique with
low validity and sensitivity, and for the presence of confounding factors that were not
considered by the authors. Eight studies have been classified as having “moderate risk of
bias” (scores between 6 and 8 in the JBI scale) [50,52,53,57,58,62,65,66,70], while two studies
reached the highest scores (9 and 10), and they were considered studies with “low risk
of bias” [54,61].

Table S3 shows the results of the risk of bias assessment of cross-sectional studies.
One out of seven cross-sectional studies had a high risk of bias (score 0—4 in the JBI
Critical Appraisal Checklist for cross-sectional studies) [69], mainly for the presence of
confounding factors and the lack of information about predefined inclusion/exclusion
criteria. Five studies were endowed with moderate risk of bias (score 5-7 in the JBI
Checklist) [43,47,50,59,63], while one study was considered to have “low risk of bias” (score
8/8 in the JBI) [55].

3.3. Results of Synthesis
3.3.1. Circulating Levels of H,S in Patients with Age-Related Diseases

The results of the overall meta-analysis (1721 patients with disease and 1227 healthy
subjects) showed that circulating levels of H,S were significantly lower in patients with
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age-related diseases compared with the control group (SMD: —0.85; 95% CI: —1.65; —0.04)
(Figure 2), with consistent heterogeneity (I> = 97%). To identify a possible source of
heterogeneity, we first grouped disorders by etiopathogenesis/clinical features.

Disease Control

Study Mean Sd N Mean Sd N SMD [95%CI] Weight
Wu, 2020 HCC and CRC 61.50 9.1000 20 27.60 27000 10 4.31 [2.92; 570] 4.3% —
Alyan, 2019 AMI 2840 9.6000 75 23.20 7.3000 50 0.59 [0.22; 0.96] 4.9% -
Saito, 2014 COPD and AECOPD 117.70 66.1000 93 90.80 58.6000 35 0.42 [0.02; 0.81] 4.8% -

188 95 1.69 [-0.71; 4.09] 14.0% —_——
Zheng, 2011 HTN 5760 29000 62 5260 4.6000 64 1.29 [0.90; 1.67] 4.8% -
Grabowska-Polanowska, 2017 CKD and CKD+T2D 3520 19.0000 20 2250 6.6000 10 0.77 [-0.02; 1.55] 4.7% -
Peter, 2013 Vascular disease 0.44 0.1800 140 0.37 0.1500 53 0.40 [0.09; 0.72] 4.9% -
Ran, 2014 T2D 5220 9.5000 75 49.70 9.7000 30 0.26 [-0.17; 0.68] 4.8% -
Bahadoran, 2022 T2D 36.50 38.7000 111 42.80 43.6000 511 -0.15 [-0.35; 0.06] 4.9% -
Qiu, 2018 T2D 4.30 3.5000 101 5.20 0.9000 20 -0.28 [-0.76; 0.20] 4.8% —.
Lin, 2020 Eye disease 18.90 8.1000 114 22.10 8.2000 78 -0.39 [-0.68;-0.10] 4.9% -
Suzuki, 2017 T2D 4510 15.5000 154 54.00 26.4000 66 -0.46 [-0.75;-0.17] 4.9% -
Xiao, 2018 HTN 1.00 0.3000 15 240 2.1000 22 -0.84 [-1.52;-0.15] 4.7% —a—
Wang, 2014 HTN 3420 7.1000 200 43.50 6.2000 100 -1.36 [-1.63;-1.10] 4.9% -
Pan, 2015 HTN 4290 4.8000 16 50.30 3.9000 16 -1.65 [-2.46;-0.83] 4.7% ——
Kuang, 2018 CKD 7.30 3.1000 157 14.10 52000 37 -1.89 [-2.29;-1.48] 4.8% -
Whiteman, 2010 MetS and MetS+T2D 17.30 9.3000 27 38.90 11.4000 11 -2.13 [-2.99; -1.27] 4.6% —a—
Longchamp, 2021 Vascular disease 57.00 8.4000 115 80.80 12.9000 20 -2.58 [-3.15;-2.01] 4.8% ——
Gao, 2015 Vascular disease 2560 6.1000 63 43.10 3.6000 11 -2.98 [-3.78;-2.17] 4.7% —a—
Feng, 2017 HTN 3.50 1.5000 30 10.20 2.8000 22 -3.08 [-3.90;-2.25] 4.7% —
Perna, 2009 CKD 10.90 0.7000 65 14.80 1.5000 31 -3.77 [-4.46;-3.08] 4.7% ——
Li, 2014 CHD and CHD+T2D 25.80 7.8000 68 56.50 6.9000 30 -4.04 [-4.76;-3.32] 4.7% ——

1533 1132 -1.25 [-1.98; -0.52] 86.0% <>
Random effects madel 1721 1227 -0.85 [-1.65; -0.04] 100.0% | : : : : |

-6 -4 -2 0 2 4 6
Difference in H2S concentration (SMD)
Heterogeneity: 32, = 661.97 (P <.001), /*=97%
Test for overall effect: z = -2.06 (P = .04)
Test for subgroup differences: 1? =5.26 (P =.02)

Figure 2. Forest plot with standardized mean difference (SMD) of circulating levels of H,S in patients
with age-related diseases characterized by acute inflammation (e.g., AMI), acute exacerbations of
disease (e.g., COPD), or a singular inflammatory profile (e.g., cancer), as well as chronic age-related
diseases associated with a gradual decrease in organ and tissue functions and low-grade inflammation
(other diseases) compared with subjects without disease (control group). Abbreviations: AE-COPD,
acute exacerbation of chronic obstructive pulmonary disease; AMI, acute myocardial infarction;
COPD, chronic obstructive pulmonary disease; CHD, chronic hemodialysis; CKD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; CRC, colorectal cancer; CKD, chronic kidney
disease; HCC, hepatic cancer; HTN, hypertension; MetS, metabolic syndrome; T2D, type 2 diabetes.
References: [42,43,46-48,53-59,61-65,67-70].

All the diseases included in the overall analysis are characterized by inflammation.
Some of them are associated with acute inflammation (e.g., AMI) or sudden inflammation
due to exacerbations (e.g., COPD/AE-COPD) [71]. However, most diseases have low-
grade and chronic inflammation (e.g., T2D, kidney disease, hypertension, etc.) [72-74].
The recently proposed “inflammatory classification system” [75] also states that the type
and levels of cytokines can differ between various inflammatory states, suggesting that
measurement of cytokine parameters could help determine the primary cause of inflamma-
tion. For instance, inflammation due to cancer can lead to the release of cytokines other
than those induced by diabetes. Thus, we classified the diseases into two groups: those
characterized by acute inflammation at onset/exacerbation or by a singular inflammatory
profile (i.e., AMI, COPD, and cancer) and those associated with a gradual decrease in organ
and tissue functions and low-grade inflammation (e.g., T2D, kidney disease, hypertension,
etc.). In our analysis, the circulating levels of H,S were higher in patients with AMI, COPD,
or cancer compared with healthy patients (SMD: 1.69; 95% CI: —0.71; 4.09) (Figure 2). On
the contrary, patients with chronic age-related pathologies characterized by low-grade
inflammation and a gradual decrease in organ and tissue functions showed a marked
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Study

Zheng, 2011
Peter, 2013

Xiao, 2018
Wang, 2014

Pan, 2015
Longchamp, 2021
Gao, 2015

Feng, 2017

Grabowska-Polanowska, 2017 CKD+T2D

Ran, 2014 T2D
Bahadoran, 2022 T2D

Qiu, 2018 T2D

Suzuki, 2017 T2D
Whiteman, 2010 MetS+T2D
Li, 2014, CHD+T2D

Grabowska-Polanowska, 2017 CKD and CKD+T2D 35.20 19.0000 20

Kuang, 2018
Perna, 2009
Li, 2014 CHD and CHD+T2D

Random effects model

reduction in the levels of HyS (SMD: —1.25; 95% CI: —1.98; —0.52) (Figure 2). Of note, the
difference between groups was significant (p-value = 0.02).

When we stratified studies by risk of bias, the results showed no significant difference
between groups (p-value = 0.90) for studies on disorders characterized by a gradual decrease
in organ and tissue functions and low-grade inflammation (Figure S1), as well as for the
other studies (p-value = 0.29) (Figure S2). In all cases, the results of the influence analyses,
performed by removing each study one by one, did not show a change in terms of the
direction of the effect.

Studies not included in the meta-analysis showed a similar trend (Table S1). Those
on patients with multiple myeloma [37], AMI [41], COPD/AE-COPD [44], and osteope-
nia/osteoporosis [50] reported an increase in circulating levels of H,S in subjects with
disease compared with the control group, while studies on patients with T2D [51,52], dia-
betic cardiomyopathy [49], and CHD [66] showed a decrease in circulating levels of HjS.
Two studies reported no change in circulating levels of the gasotransmitter in patients with
heart failure [60] and Alzheimer’s disease and related dementias (ADRDs) [45].

3.3.2. Circulating Levels of H,S in Patients with Diseases Characterized by a Gradual
Decrease in Organ and Tissue Functions and Low-Grade Inflammation

Given the high heterogeneity observed in the overall analysis, we performed a strati-
fied analysis by specific type of disease. We considered the most represented age-related
diseases in the included studies, i.e., CVDs, T2D, and CKD (Figure 3). There was no
significant difference between subgroups (p-value = 0.53).

Disease Control
Mean Sd N Mean Sd N SMD [95% CI] Weight
57.60 2.9000 62 5260 46000 64 1.29 [0.90; 1.67] 54% -
0.44 0.1800 140 0.37 0.1500 53 040 [0.09; 0.72] 55% -
100 03000 15 240 21000 22 -0.84 [-1.52;-0.15] 5.3% ——
34.20 71000 200 43.50 6.2000 100 -1.36 [-1.63;-1.10] 5.5% -
42,90 4.8000 16 50.30 3.9000 16 -1.65 [-2.46;-0.83] 5.2% —a—
57.00 8.4000 115 80.80 12.9000 20 -2.58 [-3.15;-2.01] 5.3% —-—
25.60 6.1000 63 43.10 3.6000 11 -2.98 [-3.78;-2.17] 5.2% —a—
3,50 1.5000 30 10.20 2.8000 22 -3.08 [-3.90;-2.25] 5.2% —-—

641 308 -1.32 [-2.43;-0.22] 42.5% i
39.60 24.2000 10 22.50 6.6000 5 0.79 [-0.34; 1.91] 4.9% ——
52.20 95000 75 49.70 9.7000 30 0.26 [-0.17; 0.68] 54% -
36.50 38.7000 111 42.80 43.6000 511 -0.15 [-0.35; 0.06] 5.5% -
430 35000 101 520 09000 20 -0.28 [-0.76; 0.20] 5.4% —
45.10 15.5000 154 54.00 26.4000 66 -0.46 [-0.75;-0.17] 5.5% -
10.50 12.7000 11  38.90 11.4000 10  -2.25 [-3.39; -1.11] 4.9% —
22,90 8.3000 36 56.50 6.9000 15 -4.17 [-5.21;-3.14] 5.0% —

498 657 -0.86 [-2.09; 0.37] 36.6% —

22.50 6.6000 5 0.70 [-0.30; 1.70] 5.0% S

7.30 3.1000 157 14.10 52000 37 -1.89 [-2.29;-1.48] 5.4% -
10.90 0.7000 65 14.80 1.5000 31 -3.77 [-4.46;-3.08] 5.3% —a—
25.80 7.8000 68 56.50 6.9000 15 -3.97 [4.81;-3.14] 5.2% —a—

310 88 -2.25 [-4.34; -0.15] 20.9% e

1449 1053 -1.35 [-2.12; -0.58] 100.0% I : ‘ I I

6 -4 -2 0 2 4 6
Difference in H,S concentration (SMD)

Heterogeneity: z2, = 567.64 (P <.001), I = 97%
Test for overall effect: z =-3.43 (P < .001)
Test for subgroup differences: yj =1.27 (P =.53)

Figure 3. A forest plot with standardized mean difference (SMD) of circulating levels of H,S in
patients with CVDs (hypertension and vascular disease) (first group), T2D (second group), or
CKD/CHD (third group) compared with subjects without disease (control group). Abbreviations:
CHD, chronic hemodialysis; CKD, chronic kidney disease; HTN, hypertension; MetS, metabolic
syndrome; T2D, type 2 diabetes. Considered vascular diseases (when specified): angina, coronary
artery disease, or peripheral artery disease. References: [43,46—48,53,54,56-59,61,62,64,65,67,69,70].

As concerns CVDs (hypertension or vascular diseases), the meta-analysis of eight
studies showed that circulating levels of H,S were significantly lower in patients with
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CVDs compared with the control group (SMD: —1.32; 95% CI: —2.43; —0.22), with high
heterogeneity (I> = 98%).

The meta-analysis of four studies on patients with T2D and relative controls did
not show a significant difference in circulating levels of H,S between patients with T2D
and patients without T2D (SMD: —0.87; 95% CIL: —2.17; 0.43), with high heterogeneity
(I? = 94%). Sensitivity analysis, including studies with only T2D patients and relative
controls, confirmed a non-significant difference in SMD (data not shown).

The meta-analysis of four studies evaluating the circulating levels of H,S in patients
with CKD or CHD showed that circulating levels of the gasotransmitter were signifi-
cantly lower in patients with CKD or CHD compared with the control group (SMD: —2.24;
95% CI: —4.40; —0.08), with consistent heterogeneity (12 = 97%). Sensitivity analysis, in-
cluding studies on patients with only CKD or CHD (without comorbidities), confirmed a
significant difference in SMD compared with the control group (data not shown).

4. Discussion

In recent decades, human life expectancy has progressively increased, especially in
Western countries. As a major consequence, the incidence and prevalence of multiple
age-related disorders (i.e., CVDs, T2D, and cancer) have grown exponentially, with a large
impact on global health and healthcare costs. Therefore, the discovery of new biomarkers of
aging, as well as compounds able to prevent the aging process, is a compelling need. Under
physiological conditions, the gasotransmitter H,S plays a crucial role in the regulation of
tissue homeostasis: it potentiates the endogenous antioxidant defense system, counteracts
the inflammatory process, and slows down cellular senescence. In many pre-clinical studies,
an age-dependent impairment in the biosynthesis of H,S has been described, but the results
of clinical and observational studies are inconclusive.

In this systematic review, we demonstrated that circulating levels of H;S significantly
change in patients with the most common age-related disorders compared with healthy
subjects. This evidence strengthens the results of animal studies and indicates that, in
the elderly, the dysregulation of tissue homeostasis could be associated with an impaired
biosynthesis of H,S, although a cause-and-effect relationship is still unclear. This tendency
was confirmed in the meta-analysis of 21 studies, which showed a global reduction in
plasma levels of H,S in older people with disease. However, the heterogeneity was con-
sistent. When we stratified results by risk of bias, we did not find significant differences
between groups, suggesting that the methodological quality of the included studies was
not a source of heterogeneity. Conversely, the inclusion of different types of age-related
disorders might have partially contributed to the high heterogeneity of the main anal-
ysis. To avoid misinterpretation of the results, we grouped age-dependent diseases by
etiopathogenesis and/or clinical features and found significant differences between groups.

One group included pathological conditions characterized by acute inflammation
(e.g., AMI), acute exacerbations of disease (e.g., COPD), or a singular inflammatory profile
(e.g., cancer), according to the “inflammatory classification system” [75]. Briefly, AMI
is associated with acute, dynamic, and systemic inflammation, which is clinically de-
tectable by measuring plasma levels of C-reactive protein (CRP) and other markers of
inflammation [76-79]. Of note, the release of CRP has been positively correlated with recur-
rent AMI [76]. COPD, instead, is a singular disease characterized by chronic progression
interrupted by acute phases of exacerbation (AE-COPD). These episodes are associated with
acute and systemic inflammation, which in part is similar to that described for AMI [80,81].
Our results showed a trend toward increasing circulating levels of H;S in subjects with
AMI and COPD. The release of H,S following a sudden inflammatory state, which occurs
in patients with AMI or acute COPD, might be a compensatory mechanism to neutralize
the massive injury induced by oxidative stress and rapid activation of pro-inflammatory
pathways, as previously proposed [32,33,82,83]. In this regard, a recent meta-analysis of
pre-clinical studies demonstrated the efficacy of H»S donors in counteracting post-ischemic
events in the myocardium subjected to ischemia/reperfusion injury, concluding that post-
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conditioning the heart with exogenous sources of H,S may represent a possible therapeutic
strategy to limit the infarct size and, subsequently, the cardiac damage [84]. Furthermore,
many studies support our findings on increasing circulating levels of H,S in patients with
cancer. Indeed, enhanced expression of CBS and CSE enzymes in human cancer cells has
been widely reported. This leads to abnormal biosynthesis of H,S and positively corre-
lates with worse clinical outcomes (e.g., enhanced tumor growth, angiogenesis, metastasis
formation, and tumor cell resistance) [85-89]. The low number of studies included in our
meta-analysis does not allow us to further discuss the possible role of H,S in the onset and
progression of these age-related pathological conditions. However, our results strengthen
the hypothesis that H,S could be considered a new biomarker for age-related disorders
such as cancer and AML

The second group included diseases characterized by low-grade, subclinical inflam-
mation and persistent oxidative stress (e.g., T2D, hypertension/vascular disease, and
CKD/CHD), which represent the most common pathological conditions in the elderly.
Our meta-analysis showed that circulating levels of H,S are significantly lower in patients
with these age-dependent diseases compared with healthy controls, without any difference
between groups.

However, given the high heterogeneity observed, we performed a subgroup analysis
by type of disease (i.e., vascular disorders, CKD, and T2D). A significant reduction in the
circulating concentration of the sulfur gasotransmitter has been detected in patients with
chronic vascular diseases (i.e., hypertension and coronary artery disease). Accordingly, a
deficient endogenous production of H,S has been previously demonstrated in pre-clinical
models of hypertension [90,91]. Observational studies also confirmed that reduced circulat-
ing levels of H;S, which could result from an altered expression/activity of HyS-producing
enzymes (i.e., CSE and CBS) or HyS-metabolizing enzymes (i.e., sulfide-quinone oxidore-
ductase, SQR; thiosulfate sulfurtransferase, TST; persulfide dioxygenase, ETHE-1) in the
senescent tissues, might contribute to the onset and progression of vascular diseases [92].
For instance, low levels of the CBS gene due to epigenetic imbalance (i.e., CBS hyperme-
thylation) enhanced the risk of hypertension in humans [93]. This epigenetic alteration
leads to an imbalance in the transsulfuration pathway as it reduces the conversion of
homocysteine into cysteine, with the subsequent development of hyperhomocysteinemia,
a recognized risk factor for vascular diseases [94,95]. At the same time, the reduced ex-
pression of CBS leads to a deficient biosynthesis of H,S. Which of hyperhomocysteinemia,
impaired biosynthesis of H,S, or both is directly involved in the onset and progression of
vascular diseases is not well established, but many studies support the use of compounds
targeting the “H,S-system” in the treatment of hypertension [24,96], mainly due to the
antihypertensive effects of the gasotransmitter [97] and its emerging role in the regulation
of epigenetic mechanisms [98]. In addition, the impaired biosynthesis of H,S in patients
with hypertension confirms the potential use of the sulfur gasotransmitter as a biomarker
of the disease. Of course, hyperhomocysteinemia could be a possible confounder asso-
ciated with reduced circulating levels of H,S during aging. Other confounders, such as
vascular calcification and vascular fibrosis, may also alter vascular homeostasis, leading to
potential changes in endogenous H,S production. However, regardless of the cause of “H,S
imbalance”, the hypothesis that many pathological conditions might lead to reduced levels
of the gasotransmitter during aging suggests the role of H,S as a “final” and “common”
biomarker of the aging process.

Our analysis also demonstrated that circulating levels of H,S are reduced in patients
with kidney disease. Accordingly, a marked down-regulation of CBS, CSE, and MST
in the kidney has been reported in many animal models [36,99], while treatment with
H;,S-donors restored physiological H;S levels and improved renal function in pre-clinical
studies [36,100]. Of note, a gradual decline in circulating levels of H,S during the progres-
sion of kidney disease has been shown [53], further supporting the potential involvement
of endogenous HjS in the pathogenesis of age-related disorders characterized by low-grade
inflammation and oxidative stress, including kidney disease. On the contrary, the results
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of studies evaluating the circulating levels of H,S in patients with T2D were inconclusive.
A previous meta-analysis showed increased plasma concentrations of the gasotransmitter
NO in patients with T1D and T2D, probably due to the activation of inducible endothelial
nitric oxide synthase (iNOS), which is overexpressed under inflammatory conditions [101].
Worthy to note, both H,S and H,S-donors have been described as inhibitors of iNOS
expression and activity [102-104]. Hence, the enhanced production of NO in patients with
T2D might, in part, result from the deficient biosynthesis of H,S, which has been reported
in many animal models of diabetes [23] but not fully demonstrated in clinical studies. A
progressive decrease in circulating levels of HyS during the progression of T2D has also
been shown [43]. However, the possible role of H;S in patients with T2D must be confirmed
to support the possible use of H,S signaling modulators in the prevention and treatment of
T2D and its CV complications.

5. Conclusions

Age-related disorders represent an impressive threat for healthcare systems nowadays,
and the discovery of novel biomarkers of aging and innovative therapeutic options may
allow for better clinical management of the most common age-related diseases. This is the
first meta-analysis to produce a comprehensive overview of the levels of H,S in patients
with age-related disease. In this study, we demonstrated that the circulating concentration
of the gasotransmitter H»S changes in patients with age-dependent disorders. Indeed, H,S
levels appear higher under pathological conditions characterized by acute inflammation or
a singular inflammatory profile and lower in patients with age-related disorders associated
with the “oxi-inflammaging process” (i.e., hypertension and CKD). Our results, although
preliminary, suggest that circulating levels of the gasotransmitter H,S may serve as a new
biomarker of aging, with a potential clinical use to “prevent” changes in H»S biosynthesis
and to follow the progression of age-related disorders. Moreover, our data could support
the potential use of “H;S-system” modulators to slow down the aging process and the
onset/progression of a wide range of disorders in the elderly.

This study has some limitations. First, H;S is biosynthesized by the catalytic activity
of the enzymes of the transsulfuration pathway, which involves other sulfur species (i.e.,
homocysteine) whose potential role in the aging process cannot be excluded. Moreover,
most of the studies included in our analysis were at moderate/high risk of bias, mainly
due to the presence of potential confounding factors or the low sensibility and sensitivity of
the H,S detection method used. For instance, approximately half of the studies included in
our systematic review used the methylene blue method for measuring circulating levels of
H,S in biological samples. We are aware that incorporating results from studies using this
experimental technique may have introduced a possible source of bias into our analysis.
We have considered this crucial aspect in the risk of bias assessment to partly overcome
this limitation. Finally, we focused exclusively on the gasotransmitter HjS, as it is the
“final effector” of multiple, pleiotropic biological effects, but many other sulfur species (e.g.,
polysulfides) might be used as a “proxy” of HyS levels. However, the current literature on
the measurement of polysulfide levels in patients with disease is not related to age-related
disorders. The identification of easily detectable H,S “derivatives” could be a possible
future direction of this study to provide a complete panorama of the role of the endogenous
sulfur species in patients with age-related disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/biom13071023/s1. S1: Search strategy; Table S1: Characteristics of the
included studies, details of H,S level measurements and main results; Table S2: Risk of bias in case-
control studies; Table S3: Risk of bias in cross-sectional studies; Figure S1: Figure S1. Forest plot with
standardized mean differences (SMD) of circulating levels of H2S, stratified by risk of bias, in patients
with chronic age-related diseases characterized by a gradual decrease in organ and tissue functions
and low-grade inflammation compared with subjects without disease (control group); Figure S52:
Forest plot with standardized mean differences (SMD) of circulating levels of H2S, stratified by risk
of bias, in patients with age-related diseases characterized by acute inflammation (e.g., AMI), acute
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exacerbations of disease (e.g., COPD), or singular inflammatory profile (e.g., cancer) compared with
subjects without disease (control group).
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