Redox Biology 55 (2022) 102401

ELSEVIER

Contents lists available at ScienceDirect
Redox Biology

journal homepage: www.elsevier.com/locate/redox

Stable isotope dilution mass spectrometry quantification of hydrogen
sulfide and thiols in biological matrices

Hind Malaeb *™¢, Ibrahim Choucair >, Zeneng Wang *¢, Xinmin S. Li >, Lin Li ¢,
W. Christopher Boyd ", Christopher Hine ¢, W.H. Wilson Tang ¢, Valentin Gogonea """,

Stanley L. Hazen

a,b,c,d,*

@ Department of Cardiovascular & Metabolic Sciences, Lerner Research Institute, Cleveland Clinic, Cleveland, OH, USA
Y Department of Chemistry, Cleveland State University, Cleveland, OH, USA

¢ Center for Microbiome and Human Health, Cleveland Clinic, Cleveland, OH, USA

d Department of Cardiovascular Medicine, Heart, Vascular and Thoracic Institute, Cleveland Clinic, Cleveland, OH, USA

ARTICLE INFO

Keywords:
Hydrogen sulfide
Gut microbiota
Aging

Liquid chromatography tandem mass
spectrometry
Plasma thiol
Cysteine
Homocysteine
Glutathione
Cysteinylglycine
y-glutamylcysteine
Microbiome

ABSTRACT

Background: Hydrogen sulfide (H3S), a gaseous signaling molecule that impacts multiple physiological processes
including aging, is produced via select mammalian enzymes and enteric sulfur-reducing bacteria. HyS research is
limited by the lack of an accurate internal standard-containing assay for its quantitation in biological matrices.
Methods: After synthesizing [>*S]H,S and developing sample preparation protocols that avoid sulfide contami-
nation with the addition of thiol-containing standards or reducing reagents, we developed a stable isotope-
dilution high performance liquid chromatography tandem-mass spectrometry (LC-MS/MS) method for the
simultaneous quantification of Total HyS and other abundant thiols (cysteine, homocysteine, glutathione, glu-
tamylcysteine, cysteinylglycine) in biological matrices, conducted a 20-day analytical validation/normal range
study, and then both analyzed circulating Total HyS and thiols in plasma from 400 subjects, and within 20
volunteers before and after antibiotic-induced suppression of gut microbiota.

Results: Using the new assay, all analytes showed minimal interference, no carryover, and excellent intra- and
inter-day reproducibility (<7.6%, and <12.7%, respectively), linearity 2> 0.997), recovery (90.9%-110%) and
stability (90.0%-100.5%). Only circulating Total H,S levels showed significant age-associated reductions in both
males and females (p < 0.001), and a marked reduction following gut microbiota suppression (mean
33.8 £17.7%, p < 0.001), with large variations in gut microbiota contribution among subjects (range 6.0-66.7%
reduction with antibiotics).

Conclusions: A stable-isotope-dilution LC-MS/MS method is presented for the simultaneous quantification of Total
H,S and multiple thiols in biological matrices. We then use this assay panel to show a striking age-related decline
and gut microbiota contribution to circulating Total HsS levels in humans.

1. Introduction

quantifying HoS often rely on measuring HsS production following
sample incubation, as opposed to the levels of HyS present at time of
sample collection. Equally important, the relative contribution of host
versus gut microbiota to overall systemic HyS levels in humans is

Hydrogen sulfide (HyS) is an endogenously produced gaseous
signaling molecule that plays important physiological roles in human
health [1]. In mammals, three distinct enzymes are known to produce
HjS: cystathionine y-lyase (CSE), cystathionine f-synthase (CBS), and
3-mercaptopyruvate sulfur transferase (3-MST) [2-4]. H,S can also be
produced by enteric sulfur-reducing bacteria [5]. Methods for

unknown.

Many studies have shown that HyS possesses significant biological
activities including a role in aging [6-9]. For example, HyS reportedly
protects cardiomyocytes against hypoxic injury in culture, and in animal
models of cardiac and limb ischemia reperfusion injury [10,11]. Other
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Abbreviations

H,S Hydrogen sulfide

[**S]H,S heavy isotope labelled hydrogen sulfide
EIA ethyl iodoacetate

DETA 2,2’-diethyl thiodiacetate

DMTA  2,2’-dimethyl thiodiacetate

DTA dithiodiacetate

TCEP tris(2-carboxyethyl)phosphine

DTT dithiothreitol

BME B-mercaptoethanol

DTPA diethylenetriamine pentaacetate

LC-MS/MS liquid chromatography tandem mass spectrometry
IS internal standard

CID collision induced dissociation
Abx antibiotics

QC quality control

RT retention time

SAM standard addition method
NO nitric oxide

Cco carbon monoxide

CSE cystathionine y-lyase

CBS cystathionine p-synthase

GSH glutathione

ESI electrospray ionization 3-MST  3-mercaptopyruvate sulfur transferase
MRM multiple reaction monitoring SRB sulfate-reducing bacteria
HPLC high-performance liquid chromatography

studies have noted dramatic effects of HyS on mitochondrial respiration, 2. Results

tissue preservation, hibernation, circadian rhythm, metabolism, and
related functions [12-14]. Human studies have reported clinical asso-
ciations between HsS and aging [8,9], cardiovascular disease [15,16],
and other degenerative diseases [17]. These studies typically measure
H,S by assessing sulfide concentration without internal standards, or
H,S production capacity by incubating the sample after collection [18,
19].

Despite the role of HyS in numerous physiological processes and
diseases, methods for measuring HyS are limited by many factors,
including: difficulties in quantifying a volatile molecule, the presence of
contaminating H»S in commercial thiols and reducing agents, the need
for specialized equipment, and the lack of an internal standard. Tissue
generation of HjS ex vivo is often quantified by reacting head space gas
above tissues incubated with media with lead acetate, and following the
color change observed with conversion to lead sulfide [20-22]. Such
methods do not enable quantification of in vivo HS levels at the time of
sample collection, but instead measure subsequent synthetic enzyme
capacity of the sample collected. Other methods for HyS quantification
involve derivatization with monobromobimane, fluorescent probes, or
alternative reagents, and detection with either fluorescence or mass
spectrometry; however, these methods all rely on the use of external
calibration curves [18,19,23], and lack the many potential benefits
conferred by an internal standard and isotope dilution methodology [24,
25]. Further, while one of the most commonly used derivatization re-
agents for HyS quantification (i.e. monobromobimane) was selected due
to its fluorescence, it has relatively poor ionization characteristics and is
light sensitive, requiring that it be stored and reactions be performed in
the dark - characteristics that limit its practical use for the high
throughput demands of an in vitro clinical diagnostic LC-MS/MS assay.

Here, we describe the synthesis of the heavy isotope labelled sulfide
ion [345]32’, its characterization, and the development of a stable
isotope dilution LC-MS/MS method for the quantification of Total HyS in
biological matrices. To increase the utility of the assay, we also incor-
porated stable isotope dilution quantification of a panel of additional
thiols abundant in circulation, enabling their simultaneous quantifica-
tion with high sensitivity and throughput. We then applied the method
to study circulating Total H,S levels (and the panel of thiols) in healthy
individuals for normal range studies, and in both a clinical cohort and a
small cohort of volunteers treated with a cocktail of poorly absorbed oral
antibiotics to enable quantitative examination of both the effect of age
and the contribution of the gut microbiota to systemic levels of Total HyS
and abundant thiols.

2.1. Analytical validation

2.1.1. Internal standard synthesis and LC-MS/MS assay method
development

To serve as internal standard, [>*S]Na,S was synthesized by reacting
heavy isotope-labelled elemental sulfur [34s] with metallic sodium in
tetrahydrofuran under an anhydrous nitrogen atmosphere (Methods and
Supplemental Data). Optimized reaction conditions for an ethyl iodoa-
cetate derivatization strategy were selected for analysis of sulfide (m/z
207.2), as described in Methods (Fig. 1, Supplemental Table 1). Analysis
of the isotopic purity of the synthetic internal standard, [3*S]Na,$ (post-
derivatization m/z 209.06454) showed 99.60 =+ 0.01% [3*S] enrichment
(Methods, Fig. 1C), and its purity was confirmed by iodometric titration
to be 108 + 1.4% (Methods). The ethyl iodoacetate derivatives of sulfide
and [34S]-sulfide were monitored using electrospray ionization in
positive-ion mode, and three product ions for each isotopologue were
selected for quantification using individual tuning (m/z 207.2 — 77.0,
207.2 - 105.0, 207.2 — 133.1 and m/z 209.2 — 79.1, 209.2 - 107.1,
209.2 — 135.1 for [32S] and [3*S] derivatives, respectively). Fig. 2 shows
the CID spectra (right) and co-chromatography (left) of selected multiple
reaction monitoring (MRM) transitions for the quantification of natural-
abundance and heavy isotope-labelled sulfide, using reverse phase
liquid chromatographic conditions developed to retain and separate the
ethyl iodoacetate derivatives of sulfide and other abundant plasma
thiols (cysteine, homocysteine, glutathione, glutamylcysteine, cys-
teinylglycine). Supplemental Figs. 1 and 2 show the CID spectra and
MRM transitions selected for natural abundance and heavy isotope
enriched internal standards for these thiols. For each analyte monitored,
at least two distinct precursor-product ion transitions were selected, and
the specificity of the mass selection and fragmentation of the plasma
thiols monitored simultaneously with sulfide gave the necessary com-
pound specificity.

2.1.2. Selection of polysulfide reducing reagent and prevention of
contaminant sulfide introduction during sample preparation for H2S
quantification

Endogenous oxidants and post-collection oxidation processes can
convert sulfide into polysulfide and mixed disulfides. To avoid H,S
oxidation, as well as HoS production by iron and vitamin B6 [26], we
added diethylenetriaminepentaacetic acid (DTPA) to solutions during
sample preparation. We also noticed that HyS content artificially in-
creases when using commercially acquired reductants like p-mercap-
toethanol (BME) or dithiothreitol (DTT) at levels needed to
quantitatively reduce polysulfides. This was avoided (Methods), and
polysulfides were shown to be quantitatively recovered as free reduced
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Fig. 1. Characterization and isotopic purity of commercially available
Na,S and synthesized isotope labelled internal standard [3*S] Na,S. (A)
Electrospray ionization (ESI, positive ion mode) high resolution mass spectrum
of ethyl iodoacetate derivatized H,S (top panel) and the corresponding deriv-
ative of synthesized internal standard ([**S1H,S) (bottom panel). (B) Calcula-
tion of A (ppm) for H,S derivatives (containing either 323 or 343) observed in
the high resolution mass spectra. (C) Isotopic abundance of 325 and 3%S in
synthesized heavy isotope labelled internal standard ([34S]Na25) and
commercially available sodium sulfide (Na,S).
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HsS using tris(2-carboxyethyl)phosphine (TCEP) as reductant (Methods,
Supplemental Fig. 3). Similarly, during spike and recovery studies with
thiols monitored within the panel, significant artificial elevation of HyS
was observed when using commercial sources of thiols at physiological
concentrations. After developing protocols to remove sulfide impurities,
we confirmed the assay methods developed showed quantitative re-
covery of each analyte within the panel without interference or artificial
H,S elevation, even when spiked with thiols at levels 10 times higher
than physiological concentrations (Methods, Supplemental Fig. 4).

2.1.3. Validation of the stable isotope dilution LC-MS/MS method for the
quantitation of total H2S and thiols

Our H,S quantification method was validated according to Clinical
Laboratory Improvements and Amendments (CLIA) standards [27,28],
included stability evaluation, and evaluation of matrix effect, linearity,
lower limit of quantification (LLOQ), lower limit of detection (LLOD),
accuracy, inter-day and intra-day imprecision, and substance interfer-
ence (Table 1, Supplemental Tables 2-9, Supplemental Figs. 5-12). Pilot
studies to determine optimal storage conditions to prevent loss of the
synthesized isotope-labelled internal standard (IS) (and verification at 2
months and then again after 1 year) resulted in storage of IS in airtight
vials with minimal headspace and at —80 °C. Under these conditions, the
IS ([34S]Na28) showed 93.9 + 3.9% recovery at 1 year (Supplemental
Table 2). We also examined the recovery of IS for HyS and other moni-
tored thiols in human plasma by comparing analyte peak areas in pooled
human serum versus vehicle. The percentage recovery of [3S]-sodium
sulfide, [3,3-Ds]-cysteine, [3,3,4,4,-D4]-homocysteine and
[13C2,15N]-glutathione were all >96.8% (Supplemental Table 3).

2.1.4. Stability

The stability of H,S and thiols in samples was determined through an
accelerated stability study of pooled serum samples (Quality Control
(QC) samples at 3 concentration levels) analyzed in triplicates at 60 °C
for 5 days and compared with fresh matrix that was immediately pro-
cessed. Sample stability was 94.4% for HoS and 90-100.5% for the thiols
in the panel (Supplemental Table 4). Freeze-thaw stability after 5 freeze-
thaw cycles (Methods) was 98.6% for HoS and 90.9-110% for the thiols
monitored (Supplemental Table 5). Long-term stability (1 year) was
excellent, showing <10% bias for all analytes in the panel monitored
(Supplemental Table 6, Supplemental Fig. 5). Extract stability was also
tested by reanalyzing QC extracts after >3 days at 10 °C (auto-sampler
temperature) and quantifying against a freshly analyzed sample. The
mean percent biases from the initial QC values for H»S and thiol analytes
in the panel were between —3.0% and 10.0% (Supplemental Table 7).

2.1.5. Matrix effect, linearity, LLOD and LLOQ

After clearing commercial thiols of residual H,S (Supplemental
Methods), we used the spike-and-recovery approach to generate cali-
bration curves for HyS and each thiol in the LC-MS/MS panel at eight
different plasma concentrations (Supplemental Fig. 6). Comparing
calibration curves in multiple different matrices (Supplemental Table 8),
the calibration curves for H,S and thiols in water and serum displayed
minimal matrix effect across all analytes, with linear responses
(r? > 0.994) over 6 non-zero point calibration curves spanning physio-
logical analyte concentration ranges (Supplemental Table 8 and Sup-
plemental Fig. 6). The LLOD was determined to be the lowest
concentration of analyte in the sample with a signal-to-noise ratio >3
(2 nM for H,S), and the LLOQ was determined to be the lowest con-
centration of analyte in the sample with a signal-to-noise ratio >10
(6 nM H,S). LLOD and LLOQ for other thiols monitored in the panel are
provided in Supplemental Table 9.

2.1.6. Accuracy and intra-day/inter-day imprecision

Accuracy of the LC-MS/MS method was determined by comparing
calculated versus measured analyte concentrations in 3 different serum
pools spanning physiological concentrations (QC1 not spiked, QC2 and
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Fig. 2. Chromatography and collision induced
dissociation spectra of the derivatives of circu-
lating H,S and synthesized heavy isotope labelled
[34s] Na,S. The chromatography (left panel) shows
the retention time of 15.7 min for the derivatives of
both H,S and the heavy isotope labelled internal
standard. The CID mass spectrum (right top panel) of
the derivative of H,S precursor ion (m/z = 207.2)
yields fragments (product ions) with m/z 77.0, 105.0,
and 133.1, whereas the derivative of the heavy
isotope labelled internal standard (right bottom
panel, m/z = 209.2) yields fragments with m/z 79.1,
107.1, and 135.1.

Determination of accuracy, precision, and recovery of the stable isotope dilution LC-MS/MS method for quantification of Total H,S and thiols in plasma.

Compound SAM concentration (pM) Mean concentration (pM) Accuracy (%) Imprecision (CV %)
Intra-day Inter-day
Hydrogen Sulfide QC1 9.4 9.0+ 1.1 104.4 7.6 12.7
QC2 19.5 21.8 £ 2.2 89.4 5.6 9.9
QC3 28.5 28.8+1.6 98.9 4.0 5.7
Cysteine QC1 69.6 72.6 £ 6.7 95.9 8.3 9.2
QC2 267 254.2 + 25.1 104.9 4.3 9.9
QC3 706 691.9 £ 25.6 102.0 1.3 3.7
Homocysteine QC1 7.2 6.2+0.5 116.9 5.8 8.0
QC2 11.1 11.2+0.9 98.6 4.5 7.6
QC3 45.3 455+ 2.1 99.5 8.1 4.7
Cysteinylglycine QC1 6.2 5.8 +£0.6 108.2 15.8 9.3
QC2 10.1 9.9 +£1.0 101.2 4.2 11.8
QC3 221 22.3+2.6 99.2 5.7 12.2
Glutathione QC1 3.7 3.3+0.3 109.6 7.5 9.7
QC2 9.2 9.5+1.1 96.7 6.9 10.5
QC3 24.0 23.5+29 101.9 5.2 11.5
Glutamylcysteine QC1 0.8 0.8 +0.1 102.1 2.3 11.5
QC2 2.6 2.7+0.4 94.4 5.7 14.4
QC3 6.6 6.7 £ 0.8 99.0 7.0 11.8

Inter-day imprecision and accuracy were determined on three different quality control (QC) samples. The inter-day imprecision was determined by injecting 3 rep-
licates of each QC every day for 6 different days and calculating the inter-day coefficients of variation from mean concentration: Inter-day Imprecision (CV,
%) = 100 x (standard deviation/mean concentration). Intra-day accuracy was determined by the standard addition method (SAM) for the three QC levels and
compared with values obtained from 3 replicates of each of the three QCs analyzed over 6 days using the methods calibration curve. Accuracy (%) = 100 x mean
concentration/SAM concentration. Intra-day imprecision was determined on three different quality control (QC) samples. The intra-day imprecision was determined
by injecting 6 replicates of each QC in the same day; Intraday Imprecision (CV, %) = 100 x standard deviation/mean concentration.

QC3 spiked with increasing amount of analyte) [27]. For HjS, accuracy
ranged from 98.9 to 104.4%, and comparable accuracy was noted for
each of the other thiols monitored in the panel (Table 1). Intra-day and
inter-day imprecision of analyte values in serum were also evaluated at 3

QC levels (low, middle, high) [27], and are shown in Table 1.

2.1.7. Interference and selectivity

Interference studies examining the effect of bilirubin, lipids (tri-
glycerides), and hemolysis on the quantitation of HaS and other thiols
within the panel were performed on samples following procedures rec-

ommended by the Clinical and Laboratory Standards Institute [29].
Briefly, icteric, lipemic, and hemolytic interferences were assessed using
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6 concentrations of bilirubin (31.25-1000 pM), a triglyceride mix
(0.375-12 mM), and hemolyzed red blood cells (0.25%-8%) spiked into
three samples. Interferences with HyS quantification showed biases of
<2% (Supplemental Fig. 7). Bilirubin did not show significant interfer-
ence in the quantification of any of the thiols (Supplemental Figs. 8-12).
However, hemolytic interference with the quantification of cysteine,
homocysteine, and glutathione was more pronounced (18.5-23.5%,
22.5-26.5%, and 33-9% respectively; Supplemental Figs. 8-12). Lipemic
interference was detected only in glutathione, showing a bias of
15.8-44% when the concentration was increased in a dose-dependent
manner (Supplemental Figs. 8-12), which presumably occurred by the
release of glutathione from hemolyzed (rich in glutathione) red blood
cells.

2.1.8. Comparison of collection tube type and carryover

We also examined the impact of collection tube interference and
differences in blood sample types. Blood was collected from 10 donors
into each of the following tube types: EDTA plasma, lithium heparin
plasma, sodium citrate, and serum separator tubes. The samples were
processed by standard procedures and the resulting paired plasma and
serum samples from each donor were compared for differences in overall
analyte quantification. No differences among tube types for all analytes
monitored in the panel were noted, with sample differences ranging
from —0.1% to 1.1% (Supplemental Fig. 13). Analyte carryover, deter-
mined by injecting water immediately after the highest standard,
showed no detectable carryover for HyS or any of the thiol analytes
monitored.

3. Clinical validation

3.1. Establishing reference ranges for circulating Total H2S and thiols
monitored in healthy volunteers

Reference ranges of Total HyS and thiols in plasma were determined
using samples collected from apparently healthy subjects (n = 200)
recruited from community health screenings (Methods). Subjects were
considered healthy if they reported no medical history of cardiovascular
disease, history or laboratory findings consistent with diabetes, car-
diometabolic disorders, or cancer, no reported use of any medications,

All Subjects (n=400)
KW Test p<0.0001

Total HoS (uM)
8

Total HoS (uM)
o
]

Male Subjects (n=200)
. KW Test p=0.003
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and showed normal laboratory screening results for basic metabolic and
lipid panels (Supplemental Table 10A). The normal range of plasma
concentrations was determined to be 4.2-62.7 pM for Total HsS,
46.1-463.8 pM for Total cysteine, 1.5-16.5 pM for Total homocysteine,
3.1-90.3 puM for Total cysteinylglycine, 0.8-16.9 pM for Total gluta-
mylcysteine, and 0.3-12.0 pM for Total glutathione (Supplemental
Table 10B).

3.2. Clinical cohort study population

Clinical characteristics of this study cohort are shown in Supple-
mental Table 11. Participants were stable consenting subjects under-
going general health or risk factor evaluation. The mean age in the
cohort was 65.2 + 11.0 years, 50% were men, 94.8% were Caucasian,
and the mean BMI was 29.0 =+ 5.6 kg/m?. Median (interquartile range)
of total cholesterol was 164 (138.4-191.1) mg/dL, triglycerides was
112.0 (85.0-168.0) mg/dL, HDL cholesterol was 37.9 (30.4-48.1) mg/
dL and LDL cholesterol was 95.0 (74.0-119.5) mg/dL.

3.3. Plasma levels of total H,S decrease with age

Numerous studies suggest that production of HyS and its downstream
protein persulfidation diminishes with age [8,9,30]. We used our newly
developed method to determine plasma levels of Total HyS and thiols in
an independent clinical cohort (n = 400) to examine the association of
HjS with aging. The analyses shown in Fig. 3 reveal that Total H,S levels
decrease with age (p < 0.0001). This trend was observed in both males
(p = 0.003) and females (p = 0.002) (Fig. 3, Supplemental Fig. 14). We
also observed age-associated reductions in plasma concentrations of
Total cysteinylglycine, Total glutamylcysteine, and Total glutathione
(Fig. 4) in the combined male/female cohort, but when data were
separated by gender, only males had a statistically significant reduction
across age categories examined in Total glutamylcysteine levels
(p = 0.045). Both males and females showed significant reduction with
age in Total glutathione levels (males p = 0.023, females p = 0.0005),
Supplemental Fig. 15).

Female Subjects (n=200)
KW Test p=0.002

Total HpS (uM)
N
{ |

0- 0- 0-
Age 4555 55-65 6575 >T5 Age 4555 5565 6575 >75 Age 4555 5565 6575 >75
n= 100 100 100 100 n= 50 50 50 50 n= 5 50 50 50

Fig. 3. Circulating levels of Total H,S decrease with age. Older subjects show significantly lower levels of Total H»S in plasma than younger subjects. The age in
years was stratified by four groups (>45to<55, >55t0<65, >65t0<75, >75). The division of subjects by gender shows that reduction of Total H,S with aging is
independent of gender. Boxes indicate the 25th and 75th percentiles, respectively; the middle line is the median, and the lower and upper whiskers are the 5th and
95th percentiles, respectively. P-values were calculated using the Kruskal Wallis test where p < 0.05 is significant.
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Fig. 4. Changes in levels of circulating Total thiols with age.

Older subjects show significantly lower levels of circulating Total thiols compared to younger

subjects in each of Total cysteinylglycine, Total glutamylcysteine and Total glutathione. The downward trend is monotonic for Total cysteinylglycine, Total glu-
tamylcysteine and Total glutathione and visible steeper for Total cysteinylglycine. Age is reported in years. Boxes indicate the 25th and 75th percentiles, respectively,
the middle line is the median, and the lower and upper whiskers are the 5th and 95th percentiles, respectively. P values were calculated using the Kruskal-Wallis test,

where p < 0.05 is significant.

3.4. Gut microbiota contribute significantly to circulating levels of total
H5S in humans

While it is widely recognized that some gut microbes can produce
HoS [5], and one study reports that germ-free mice have decreased
plasma H5S levels [31], the contribution of gut microbiota to systemic
H,S levels in humans is unknown. We therefore quantified circulating
levels of Total HyS and thiols in a cohort of 20 healthy volunteers before
and after >5 days of an oral cocktail of poorly-absorbed broad-spectrum
antibiotics previously shown to suppress gut microbiota [32,33]. On
average, Total HyS concentrations were diminished by 33.8 £+ 17.7%
(p = 0.015, Mann-Whitney test) following suppression of gut micro-
biota. Post antibiotics treatment we observed a 29.2% reduction of Total
H,S levels in females and 37.6% in males, however there was no sig-
nificant difference in Total H,S reduction between males and females
(p = 0.94, Mann-Whitney test) (Supplemental Fig. 16). In addition, none
of the other thiols monitored showed reductions following gut

microbiota suppression (Fig. 5A). Notably, the contributions of gut
microbiota to systemic Total HyS levels varied widely across subjects
(Fig. 5B), ranging from 6.0%-66.7% (Fig. 5C). For example, in 25% of
the subjects (subjects 1-5, Fig. 5C), >50% reduction in circulating Total
H,S was observed post-antibiotics exposure, suggesting the majority of
systemic HoS originated from gut microbiota source in these subjects. In
contrast, 15% of the subjects (subjects 17-20) showed <10% reduction
following antibiotics.

4. Discussion

Despite the growing interest in HyS as an endogenous gaseous
mediator that influences human health, aging, and susceptibility to
numerous diseases [8,17,34,35], research has been limited by the lack of
a quantitative stable isotope dilution LC-MS/MS method for the analyte.
Moreover, the relative contributions of host versus enteric gut microbial
sources for HyS production in humans are unknown. The stable isotope
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Fig. 5. Effect of gut microbiota suppression on
circulating Total H,S levels. (A) Circulating levels
of Total H,S and thiols after administration of poorly
absorbed broad-spectrum antibiotics. The circulating
levels of Total H,S are reduced approximately 35%
after antibiotics treatment. Conversely, the circu-
lating levels of Total cysteine, Total homocysteine,
Total cysteinylglycine, Total glutamylcysteine, and
Total glutathione do not change significantly
following antibiotics administration. (B) Circulating
levels of Total H,S for individual subjects before an-
tibiotics treatment displayed as white bars, and after
antibiotics treatment as black bars. (C) Percent
reduction of the Total H,S circulating levels due to
antibiotics treatment for individual subjects. The
study shows that the reduction in Total H,S levels
vary strongly among subjects. P values were calcu-
lated using the Mann—-Whitney test where p < 0.05 is
significant.
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dilution LC-MS/MS method described here — enabled by the synthesis of
[34S]Na2$ (internal standard) and the development of methodology that
minimizes previously unappreciated interferences — allowed for the
robust quantification of Total HS and thiols in biological matrices.
Incorporation of HyS quantification into a panel of (reduced) thiols
highly abundant in the circulation further enhances the utility of the
methods described. In addition, spike and recovery studies performed
during assay development enabled detection of artefactual contributions
of contaminant H,S in commercial sources of “pure” standard thiols and
numerous reducing reagents, which would not have been easily
observed without the ease and power afforded by stable isotope dilution
methodology. To our knowledge, this is the first stable isotope labelled
H,S based quantification method reported that incorporates all of the
advantages of isotope dilution mass spectrometry methodology, i.e., the
method allows the internal standard ([34S]NaZS) to react with the
derivatizing reagent under the same conditions as the endogenous sul-
fide ions ([32S]%) in the sample, allowing for maximum accuracy.
Similarly, all of the other factors involved in the LC-MS/MS method
(stability, extraction, ionization, fragmentation, matrix effect, chro-
matographic differences, etc.) have been optimized, and shown to result
in an assay with excellent accuracy and reproducibility.

Extensive cellular, animal model, and human clinical association
studies have focused on the involvement of HyS in the prevention of
aging, and on its reduction as a risk factor for various age-related dis-
eases [36,37]. Many of these studies measure enzymatic generation
capacity and/or protein persulfidation in plasma, serum, or other tis-
sues, rather than measuring endogenous levels [8,30,38,39]. In addi-
tion, provision of exogenous HaS or an H,S generating reagent has been
suggested as a potential therapeutic agent to reduce ischemia reperfu-
sion injury and promote tissue preservation [10,40]. The results of the
present studies suggest that if gut microbiota-generated HaS could be
manipulated for therapeutic gain, it might significantly impact systemic
levels in subjects. It also raises the possibility of targeting manipulation
of gut commensal HyS production as a means to potentially impact
physiological processes, with use of the current methods enabling
quantitative monitoring of the contribution of gut microbiota to total
systemic levels for the first time.

The clinical studies presented here suggest that circulating levels of
Total HsS are reduced with aging in both men and women. The origins of
this reduction are unknown. Indeed, one might speculate that reduced
gut commensal synthesis might contribute to this observation, or alter-
natively, reduction in host enzymatic machinery, or even accelerated
excretion and metabolism of sulfide with aging. The present studies
were not designed to explore the origins of this age-associated reduction,
which might also arise in part from an accumulation of comorbidities
whose prevalence increases with aging.

We note that the method developed here, while highly accurate, does
not measure “free” reduced HyS present at time of sample collection.
Rather, by reducing reversibly oxidized forms of sulfide prior to deriv-
atization, the present methods measures “total” levels of HoS (and each
of the other thiols monitored). Whether there is clinical significance to
the measurement of “total” versus “free” H,S in subjects remains to be
determined. We initially sought to quantify both “free” and “total” HyS
in captured (archival) plasma or serum samples, but found that arte-
factual oxidation (post collection) was inexorable, even when purging
headspace gas with argon before freezing and use of anti-oxidant
cocktails, unless samples were derivatized immediately following sam-
ple processing and before freezing. Since this was not done with the
numerous clinical archival sample sets available for study, we instead
developed this “total” HoS method, which was found to be both repro-
ducible, and as shown, stable to samples stored over time (even
following multiple freeze/thaw cycles).

While our study focuses on the development of a stable isotope
dilution LC-MS/MS assay for Total H»S, results from application of the
panel generated for the quantification of other abundant thiols in the
circulation revealed that total levels of glutathione, glutamylcysteine
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and cysteinylglycine, like HsS, are significantly inversely associated
with advancing age (p < 0.0001, Kruskal Wallis test). But unlike H,S,
none of these thiols showed evidence of having a component originating
from gut microbiota. The involvement of thiols like glutathione and
cysteine in regulating redox levels of both cellular and physiological
processes is widely recognized [41,42]. The development of the present
LC-MS/MS method will also serve as a valuable tool in the performance
of research studies in these areas.

5. Materials and methods
5.1. Materials

Screwcap cryovials (1.5 mL) were purchased from Sigma-Aldrich.
Aeris 2.6 pm Peptide XB-C18 100 LC column 150 x 4.6 mm, Security
guard Ultra Holder, Security guard Ultra Cartridges were purchased
from Phenomenex (Torrance, CA). Chemglass Life Sciences 25 mL Tube,
Storage, 14/20 Outer Joint, Airfree, Schlenk tube and 2 mL Filter Fun-
nel, Buchner, Fine Frit were purchased from Thermo Fisher Scientific
(Waltham, MA). All reagents and mobile phases were LC-MS-grade
solvents purchased from Thermo Fisher Scientific (Waltham, MA) un-
less otherwise specified. MS grade water was produced in-house by a
Millipore Milli-Q purification system with an LC-Pak Polisher filter for
ultrapure water used for HPLC and LC-MS (Darmstadt, Germany). A
more detailed list of reagents is in Supplemental Methods.

5.2. Research subjects

All subjects gave written informed consent, and all study protocols
were approved by the institutional review board of the Cleveland Clinic
and adhered to the declaration of Helsinki principles. Subject antibiotics
exposure followed an approved protocol registered at ClinicalTrials.gov
(NCT01731236). Samples for establishing a normal range of analytes
were collected from non-fasting subjects undergoing community health
screening. From these, a random subset of subjects (n = 200) were
selected who met the inclusion criterion requirements of no medical
history of cardiometabolic diseases or cancer, normal vital signs, and
normal metabolic test values on screening studies (lipid profile, com-
plete metabolic panel)

Blood was drawn from subjects for all studies, including those
comparing the effect of vacutainer tube type on analyte levels, using a
21Gauge BD Vacutainer Safety-Lok Blood Collection Set. Plasma vacu-
tainer tubes were placed on ice or within a refrigerator until processing,
and serum tubes were maintained at room temperature for 60 min to
allow for clotting to proceed before centrifugation. One hour (60 min)
following blood collection, both plasma and serum vacutainer tubes
were spun for 15 min at 4 °C at 1530 relative centrifugal force. Samples
were aliquotted into 1.5 mL O-ring screw cap cryovials (catalogue
number Z353361, Millipore Sigma, St. Louis, MO), placed immediately
on dry ice, and then stored at —80 °C until analyses.

5.3. Synthesis and storage of heavy isotope labelled internal standard
?*SINasS

We synthesized heavy isotope-labelled sodium sulfide ([34S]Na25)
using the reaction of metallic sodium and elemental sulfur 34S in the
presence of naphthalene as a catalyst [43]. The reaction was performed
under anaerobic conditions under dry nitrogen atmosphere in an
anhydrous and degassed medium within a glovebox (MBraun Labstar
Pro). All glassware were dried at 160 °C prior to use. Tetrahydrofuran
was deoxygenated by sparging with dry nitrogen, and then dried via
passage through activated alumina in an MBraun MB-SPS solvent puri-
fication system. Briefly, elemental sulfur (3*s) and metallic sodium were
mixed in a 1:2 M ratio inside the glove box in a Schlenk tube at room
temperature. The Schlenk tube was sealed, and then heated in an oil
bath (outside the glovebox) until color change to white (80 °C, 24 h)
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[44]. The Schlenk tube was then moved back into the glovebox, and the
precipitate was collected on filter paper, and dried overnight under ni-
trogen atmosphere. The purity of the heavy isotope label sulfide ([3*S]
NayS) was confirmed by iodometric titration and the isotopic enrich-
ment for [3*S] (versus other isotopologues) was quantified by high
resolution mass spectrometry.

The internal standard stock solution was prepared by weighing
anhydrous [34S]NaZS (in glovebox under nitrogen atmosphere) and
dissolving it in ammonium bicarbonate buffer (pH 10). Once dissolved
in aqueous solution at basic pH, the highly charged sulfide ion internal
standard has low vapor pressure and is more stable (losses from out-
gassing are minimal). The stock solution was stored in conventional o-
ring sealed cryovials (500 pL with minimal headspace gas) at —80 °C,
and the concentration of this stock was confirmed by either iodometric
titration (as described), or by the method of standard addition using
authentic anhydrous [3ZS]NaZS.

5.4. Sample preparation

During methods development and throughout the derivatization
reaction optimization process, samples were handled in gas tight vials
with mininert caps. While the reaction was carried out, the IS mix and
derivatizing reagent were injected into the tube through the septa using
gas-tight Hamilton syringes.

Serum samples were blanketed with argon and stored at —80 °C.
After thawing at 4 °C, samples were aliquoted (20 pL) on dry ice into
screw cap O-ring tubes. The IS mixture master stock (500 pL in a 500 pL
cryovial) was stored at —80 °C with minimal headspace gas. The IS
mixture used in sample preparation was prepared from IS mixture
master stock, and before opening vials were thawed on ice. The reducing
reagent (TCEP) was added to the sample at the same time as the internal
standard mix (prior to derivatization). Endogenous HyS (free and
oxidized, including protein bound) and thiols, as well as their respective
internal standards, were reduced by treating samples with TCEP prior to
derivatization.

To derivatize samples (20 pL), ethyl iodoacetate solution (50 pL,
16 mM) and IS mixture (10 pL) were added (final concentrations in final
volume (80 pL) are 6.25 mM ammonium bicarbonate (pH 10.0),
12.5 mM TCEP, 10 mM EIA, Supplemental Methods), vials sealed and
vortexed for 2 min, and then left at room temperature (21 °C) for least
8 h (and no longer than 24 h) to allow the derivatization reaction to
complete. Before analysis, proteins were precipitated with ice cold
acetonitrile (100 pL), samples centrifuged (14,000xg, 20min, —1 °C),
and supernatants transferred to HPLC vials.

5.5. LC-MS/MS run conditions

Analysis of the derivatized samples was performed on an AB SCIEX
LC-MS/MS 4000 Q-Trap triple quadrupole tandem mass spectrometer
with an electrospray ionization (ESI) source in positive ion mode. Sep-
aration of analytes was performed on a reverse phase column (Aeris™
2.6 pm Peptide XB-C18 100 10\, LC Column 150 x 4.6 mm, Phenomenex,
Torrance, CA). Mobile phase A (5 mM ammonium formate, 0.2% formic
acid in water), and mobile phase B (0.2% formic acid in 25:75 v/v
methanol:acetonitrile) were used for discontinuous gradient separations
(Supplemental Methods).

The concentration of each analyte was determined by the area ratio
obtained from a primary MRM transition (i.e. for HoS 207.2 — 133.1
([328] isotopologue) to 209.2 — 135.1 ([348] isotopologue)) and then
quantification was confirmed by obtaining comparable results using the
area ratio of secondary MRM transitions (207.2 — 105.0 (for [325] iso-
topologue) and 209.2 — 107.1 (for [34s] isotopologue)), and a similar
approach was applied for other thiols with their respective heavy
isotope labelled internal standards. We could not obtain commercially
available internal standards for the dipeptide analytes cysteinylglycine
and glutamylcysteine. Therefore, we used [3,3,4,4,-D4]-homocysteine
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and ['3C,,'°N]-glutathione as internal standard for cysteinylglycine and
glutamylcysteine, respectively (MRM transitions 225.6 — 106.1 for
[3,3,4,4,-D4]-homocysteine, 265.4 — 162.1 for -cysteinylglycine,
397.4 - 177.1 for ['3C,,'°N]-glutathione, 337.1 — 191.1 for
glutamylcysteine).

5.6. Establishing reference range of analytes

Analyte normal ranges were determined based on standards defined
from CLIA and the College of American Pathologists [27]. The reference
range was determined to be the 95% central interval bounded between
the 2.5th and 97.5th percentiles and used to determine the lower and
upper limit concentrations in the listed concentrations.

5.7. Determining the contribution of gut microbiota to circulating H2S

Blood was collected from 20 healthy volunteers at baseline, and
again after one week of chronic exposure to a cocktail of oral, poorly-
absorbed, broad-spectrum antibiotics. The mean concentration of
Total HyS was calculated before and after antibiotics were administered.
The difference between the mean values was calculated as percentage of
pre-antibiotic levels.

5.8. Statistical analyses

The Wilcoxon rank sum test or Mann-Whitney test for continuous
variables were used to examine the difference between the groups where
appropriate. Kruskal-Wallis test was used to compare analyte levels
across age groups. All analyses were performed with RStudio-R version
4.1.2. (2021-11-01) (Vienna, Austria), or GraphPad Prism (version
9.1.2; GraphPad Software, Inc), and P-value<0.05 was considered sta-
tistically significant.
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