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Graphical Abstract: The administration of micronutrients appeared to increase H2S release from CAT/3MPST with a compensatory decrease 
from CBS. This associated to a strong activation of H2S dependent pathways suggesting the contribution from non-enzymatic production.
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ABSTRACT

Background: Hydrogen sulfide (H2S) is a pivotal gasotransmitter networking with nitric oxide (NO) and carbon monoxide (CO) to regulate 
basic homeostatic functions. It is released by the alternative pathways of transulfuration by the enzymes Cystathionine Beta Synthase (CBS) 
and Cystathionine Gamma Lyase (CSE), and by Cysteine AminoTransferase (CAT)/ 3-Mercaptopyruvate Sulfur Transferase (3MPST). A non-
enzymatic, intravascular release is also in place. We retrospectively investigated the possibility to modulate the endogenous H2S release and 
signaling in humans by a dietary manipulation with supplemented micronutrients (L-cystine, Taurine and pyridoxal 5-phopsphate/P5P).

Methods: Patients referring for antiaging purposes underwent a 10-day supplementation. Blood was collected at baseline and after treat-
ment and the metabolome was investigated by mass spectrometry to monitor the changes in the metabolites reporting on H2S metabolism 
and related pathways.

Results: Data were available from 6 middle aged subjects (2 women). Micronutrients increased 3-mercaptopyruvate (P = .03), reporting 
on the activity of CAT that provides the substrate for H2S release within mitochondria by 3MPST, decreased lanthionine (P = .024), reporting 
the release of H2S from CBS, and had no significant effect of H2S release from CSE. This is compatible with a homeostatic balancing. We 
also recorded a strong increase of reporters of H2S-induced pathways including 5-MethylTHF (P = .001) and SAME (P = .022), reporting on 
methylation capacity, and of BH4 (P = .021) and BH2 (P = .028) reporting on nitric oxide metabolism. These activations may be explained by 
the concomitant induction of non-enzymatic release of H2S.

Conclusions: Although the current evidences are weak and will need to be confirmed, the effect of micronutrients was compatible with 
an increase of the H2S endogenous release and signaling within the control of homeostatic mechanisms, further endorsing the role of feed-
ing in health and disease. These effects might result in a H2S boosting effect in case of defective activity of pathologic origin, which should 
be checked in duly designed clinical trials.
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Introduction
Hydrogen sulfide (H2S) is the third discovered gasotransmitter, 
besides nitric oxide (NO), and carbon monoxide (CO). It is 
known to cross-talk with the other 2 gasotransmitters and to 
modulate a variety of homeostatic functions by interacting 
with functional proteins by either persulfidation of their 
cysteine residues or interaction with the heme of metallopro-
teins.1 This results in the modulation of several homeostatic 
functions including endothelial function, coagulation, immu-
nity, bioenergetics, and redox balance.

A defective activation of H2S release and of its signaling is 
strongly linked to a variety of pathologic conditions. These 
include endothelial dysfunction in both cardiovascular disease2 
and erectile dysfunction,3 hypertension,4 insulin resistance and 
diabetes,5 neurodegeneration6 and autoimmune diseases.7 H2S 
was also shown to exert anti-viral activity against a variety of 
pathogenic viruses8 and has been recently proposed as a defen-
sive mechanism against SARS-Cov2 and Covid 19.9-11 This 
has triggered enormous interest in the development of treat-
ments boosting the H2S signaling, which is currently concen-
trated on the use of either natural, chemical or pharmacologic 
donors12 whereas little information is available on the role of 
diet in modulating the H2S signaling.

The substrate for H2S endogenous production is cysteine 
resulting from protein catabolism or from endogenous synthe-
sis, see Figure 1 for a global view of cysteine metabolism. 
Cysteine may generate H2S by either enzymatic or non-enzy-
matic production. Three enzymes are known to release H2S in 
physiologic metabolism. The best characterized release is oper-
ated by 2 enzymes belonging to the transsulfurations pathway, 
Cystathionine Beta Synthase (CBS), and Cystathionine 
Gamma Lyase (CSE), both requiring vitamin B6 in the form 
of pyridoxal 5-phospfate (P5P) as the necessary co-factor. The 
third H2S releasing enzyme is 3-Mercaptopyruvate Sulfur 
Transferase (3MPST). This is not B6 dependent, however its 
activity is coupled to that of Cysteine AminoTransferase 
(CAT) producing 3-Mercaptopyruvate from cysteine and that 
is B6/P5P dependent. 3MPST generates H2S mainly in mito-
chondria, which is followed by H2S oxidation onto the respira-
tory chain to produce ATP.13 CBS/CSE and the transsulfuration 
pathway are responsible for the generation of cysteine from 
homocysteine, the catabolic product of methionine. CBS is a 
key enzyme mastering the partitioning of endogenous homo-
cysteine between the re-methylation pathway on one side and 
its conversion to either cysteine/glutathione (GSH) or H2S on 
the other side. When working according to the canonical path-
way, CBS binds serine to homocysteine and forms cystathio-
nine. This is cleaved by CSE to cysteine, which is then available 
for protein synthesis and for the de-novo synthesis of the uni-
versal cellular antioxidant GSH. CBS is redox-activated by the 
oxidation of its metal center but will be intensively cycling only 
after binding S-Adenosylmethionine (SAMe), when in excess 
from the methionine cycle, exerting an allosteric regulation on 

CBS.14 This ensures homocysteine transsulfuration, in alterna-
tive to its re-methylation, and generation of cystathionine 
feeding CSE to produce cysteine/GSH. However, both CBS 
and CSE exert ambiguous substrate recognition and may oper-
ate according to their alternative (reverse) pathways using 
cysteines to release H2S.15 The stimuli to this functional shift 
are still subject of research, however both NO and CO can bind 
the CBS heme group inhibiting the canonical CBS activity, 
that is cysteine/GSH synthesis, while increasing the release of 
H2S from CBS and, downstream, from CSE as the result of 
changed concentration of CSE substrates.16 It has been shown 
that H2S release can be triggered by endoplasmic reticulum 
(ER) stress that induces the enzyme heme oxygenase (HO-1) 
to release CO as part of the Unfolded Protein Response (UPR). 
Binding of CO to CBS is followed by the activation of the 
alternative CBS pathway and release of H2S.17

Finally, H2S can also be generated non-enzymatically from 
cysteine by coordinated catalysis by Vitamin B6/P5P and iron 
to produce pyruvate, NH3 and H2S.18 The non-enzymatic 
release was proposed to occur into the bloodstream to regulate 

Figure 1.  Cysteine turn-over pathways. Cysteines are released from both 

dietary and endogenous protein catabolism in the form of the dimer 

Cys-S-S-Cys, L-cystine. This is then hydrolyzed into cells, consuming 

GSH, to provide free cysteines on demand. Extra amounts of cysteine 

result from intracellular conversion of methionine/homocysteine operated 

by CBS and CSE (transsulfurations pathway). Free cysteines are 

available for protein synthesis and for GSH de-novo biosynthesis. In 

alternative, cysteines are processed by CBS and CSE working according 

their alternative pathways or by CAT/3MPST to release H2S. Finally, 

cysteines may generate H2S by non-enzymatic conversion. Any excess of 

free cysteine is immediately removed by CDO so that intracellular 

cysteine concentration remains quite stable.
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the background tone of the H2S system. Being apparently less 
regulated, this pathway might exert stricter relation with the 
feeding behaviors.

In summary, cysteine is the main dietary substance sup-
porting H2S release, although also methionine consumption 
may contribute to cysteine availability via homocysteine. From 
a dietary point of view cysteine and its precursor methionine 
are considered equivalent, thus dietary assessments usually 
look at the sum of the 2 with no interest in the relative 
amounts.19 However, the metabolic signaling and dietary value 
of the 2 amino acids may be different. Methionine, which gen-
erates cysteine only when in excess on the demand for meth-
ylations, is more abundant in animal proteins with good 
contributions from cheese and wite meat. Opposite, cysteine, 
which is the direct substrate for H2S release and is the least 
common amino acid in proteins, is better available from veg-
etable proteins including gluten. Thus, a diet enriched in veg-
etables is also enriched in cysteines, which may have relevant 
effects on H2S endogenous metabolism and signaling. A 
recent, qualified position paper further endorsed the positive 
role of vegetable proteins in improving cardiovascular health 
based on epidemiologic data, but no background mechanism 
could be provided.20 Due to the enhanced content in cysteine 
of vegetable proteins, it is possible that an enhancement of 
H2S signaling is involved in such protective effects. It is not 
known if an excess of dietary cysteines does actually result in 
such a metabolic adaptation, which prompted us at investigat-
ing this issue by means of a cysteine-based supplementation in 
human subjects.

Aiming to formulate such a supplement, we assumed that a 
straight increase of cysteine dietary intake might to fail to 
increase free cellular cysteine concentration because any excess 
would be immediately removed by the enzyme cysteine dioxy-
genase (CDO)21 that catabolizes cysteine to hypotaurine, 
which is further oxidized to taurine, see Figure 1. Taurine 
exerts negative feedback on GSH synthesis,22 thus exerting a 
cysteine sparing effect and may help to increase free cysteines. 
Moreover, we also postulated that an excess of the end-prod-
uct taurine could exert a negative biofeedback on CDO 
expression and/or activity and that an increased consumption 
of both cysteine and taurine would be synergic in increasing 
free cysteines. It was shown that taurine supplementation may 
increase circulating H2S,23 which is likely explained by the 
above mechanisms. Finally, based on B6/P5P dependence of 
the H2S releasing enzymes,24 we also postulated that supra-
physiologic B6 concentrations would further favor the use of 
cysteine in H2S releasing reactions.

A dietary supplement had been formulated by including 
discrete amounts of L-cystine, as the physiologic dietary source 
of cysteines25 and taurine, as an enhancer of free cysteines. 
Supraphysiologic amounts of P5P were added to direct 
cysteines to H2S releasing reactions. The supplement had been 
administered to several patients within practices of precision 

medicine with antiaging purposes and its effects on the metab-
olome had been checked by mass spectrometry both before and 
after ten days of supplementation. Thus, we aimed at retrospec-
tively analyzing the achieved metabolic changes to confirm the 
H2S releasing activity of the supplement and to use the meta-
bolic response as a probe for further understanding the role of 
dietary substances in H2S metabolism in humans.

Materials and Methods
Ethics

This was a retrospective study based on the outcomes from 
treatments with an approved dietary supplement within the 
standard clinical practice, therefore no Ethical approval had 
been achieved. However, all patients released a written 
informed consent to the treatment, to the analyses and to the 
use of the data sourced as such, in anonymous form, for scien-
tific purposes.

Patients and treatments

Several patients undergoing the micronutrient supplementa-
tion for antiaging purposes had been offered to verify the met-
abolic outcome of their supplementation by mass spectrometry 
and underwent the test between October 2019 and March 
2020. Thereafter, due to the restrictions following the Covid 19 
epidemic, the program was stopped. Therefore, few patients 
were available for our retrospective analysis. Moreover, our 
mass spectrometry analyses were performed on whole blood 
plasma without any derivatization or sample preparation: 
interferences and variable background effects were expected. 
Thus, aiming to minimize the possible discrepancies, we only 
included patients whose pre and post samples had been ana-
lyzed within the same run of mass spectrometry, which resulted 
in a small sample size.

All the included patients were free from any drug treatment 
and dietary supplementation since at least 1 month, had a good 
nutritional status and were following a balanced Western/
Mediterranean dietary pattern. They were advised to avoid any 
change in their usual diet throughout the study period. In addi-
tion, each patient was asked to take note of the meals assumed 
on the day before the baseline sampling (number, time, and 
type of meals) and to follow, as far as possible, the same diet on 
the day before the second sampling. Each patient underwent a 
venous blood sampling at baseline. Plasma was prepared by 
centrifugation and stored at −20°C until analysis. Thereafter, 
each patient assumed 2 tablets of supplement by oral route 2 
times daily during 10 days (a full box of 40 tablets). Each tablet 
contained 125 mg of L-cystine, 125 mg of taurine and 5 mg of 
P5P (Redostim, Parthenogen, Switzerland). At the end of the 
10-day treatment, the patients underwent a new blood sam-
pling and, again, plasma was obtained and frozen. Both sam-
ples from each patient were analyzed in the same run of mass 
spectrometry.



4	 Nutrition and Metabolic Insights ﻿

Liquid chromatography with tandem mass 
spectrometry (LC-MS/MS)

Chemicals and reagents.  All standards were purchased from 
Sigma-Aldrich. All the solutions and solvents were of the 
highest available purity and were suitable for LC–MS analysis 
and purchased from J. T. Baker (Phillipsburg, NJ).

Preparation of standard solutions.  The stock solutions were pre-
pared by adding 1.00 mL aliquots of each analyte to a 10-mL 
volumetric flask and bringing the standard to volume with 
methanol to yield a standard solution with 1000 µg/L of each 
analyte. The stock solutions were stored at −20 C until the 
analysis. Quantitative analysis was performed by construction 
of calibration curves for a set of standard molecules selected for 
the different class of analytes under investigation. Standard 
mixtures were prepared by series dilution as follows: 2,5, 5,0, 
25, 50, 250, 500 µg/L.

Sample preparation.  Serum from Vacutainer SST II Advance 
(BD Diagnostics 367 955, silica clotact/gel) was used. Samples 
(200 µL) were subject to simple protein precipitation with 
600 µl methanol and vortexed thoroughly. The mixture was 
stored at e 20°C for about 30 minutes to complete protein pre-
cipitation and then centrifuged at 10 000 rpm for 10 minutes. 
The supernatant was then directly transferred into HPLC 
auto sampler and 2 µl of supernatant was analyzed in a 
LC-MS/MS assay.

LC–MS/MS instrumentation and conditions.  Two μl of super-
natant were analyzed by using a 6420 triple quadrupole system 
with a HPLC 1100 series binary pump from Agilent Tech-
nologies. The mobile phase was generated by mixing eluent A 
(0.1 % Formic Acid in water) and eluent B (0.01 % Formic 
Acid in methanol) and the flow rate was 0.200 mL/minute. 
Chromatographic gradient was from 5% to 70% in 2 minute 
and then raised to 95% eluent B in 1 minute. Tandem mass 
spectrometry was performed using a turbo ion spray source 
operated in positive and negative ion mode, and the multiple 
reaction monitoring (MRM) mode was used for the selected 
analytes. A standard solution of 500 pg/µl of each metabolite 
was used for optimization of the MRM transition. Metabolites 
were automatically (flow injection) tuned for ionization polar-
ity, product ion, and collision energy (CE) using metabolite 
standard solutions via Agilent MassHunter Optimizer soft-
ware. Supplemental Table 1 provides a list of precursor ion, 
product ions, collision energy, and polarity.

Data processing.  Extracted mass chromatogram peaks of 
metabolites were integrated using Agilent MassHunter Quan-
titative Analysis software (B.05.00). Peak areas of correspond-
ing metabolites are then used, as quantitative measurements, 
for assay performance assessments such as assay variation and 
linearity.

Quantification of analytes.  The first step for the setting of mass 
spectral analysis consisted in the MRM detection of the ana-
lytes individually infused to establish the optimal instrument 
settings for each compound. Experimental automatic tuning by 
using MassHunter Optimizer was used to define ionization 
polarity, to select the best product ion (Q3 ion) and to optimize 
both the collision energy (CE) and the declustering potential 
(DP). The MRM transitions and all the instrumental param-
eters determined are summarized in Supplemental Table 1. 
Standard calibration curves for the selected set of molecules, 
were constructed by plotting peak areas against concentration 
(pg/µl), and linear functions were applied to the calibration 
curves. Data were integrated by Mass Hunter quantitative soft-
ware showing a linear trend in the calibration range for all mol-
ecules. The coefficients of determination (R2) were greater 
than 0.99 for all analytes. Analytical quantification parameters 
are summarized in Supplemental Table 2. Once set up, the 
MRM mass spectral method was applied to the analyses of 
specific sets of serum samples.

Statistical analyses

The data are presented as means ± SD in the text whereas tables 
and figures do not list SDs to facilitate their reading. However, 
all the SDs are duly reported in Supplemental Table 3.

Due to the small sample size, we could not assess the nor-
mal distribution of the data and used the Wilcoxon signed rank 
test to analyse paired data. However, although not visible in the 
current dataset, the concerned variables are known to undergo 
a normal distribution26,27 and were also analyzed by the paired 
sample T-test. The outcomes from both tests have been 
reported in the text: “W” marks the Wilcoxon signed rank test 
P value whereas “T” indicates the P values according to T-test. 
In figures we only reported the outcome of the T-test. Data 
analysis was performed using IBM-SPSS® version 26.0.28 In 
spite of the multiplicity of the tests performed (50 variables), 
being this an explorative study, for further investigation, no 
correction of experiment-wise error rates in multiple compari-
sons has been applied,28 and a two-sided P value <.05 was 
considered significant in all analyses.

Results
Data from both pre and post treatment obtained within the 
same run of mass spectrometry were available from 6 patients, 
(2 females), aged between 55 and 62 years. A total of 46 differ-
ent metabolites was detected and quantified, although the data 
for 3 metabolites (5-MethylTHF, methylcobalamin, and sarco-
sine) were missing in 4 patients whose test had not yet included 
the due standards. The mean values of all the tested variables 
before and after treatment are depicted in Table 1 whereas the 
outcomes in the different metabolic domains are described in 
dedicated paragraphs here below. The full set of individual data 
is available as Supplemental Table 3.
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Table 1.  Metabolic changes following micronutrient administration.

Time of sampling Pre treatment Post treatment P value

Analytes Mean SD Mean SD % change Wilcoxon T-test

10-FormylTHF 0.52 0.19 .51 0.17 −1.0 .9165 .9310

3-Mercaptopyruvate 0.27 0.08 .39 0.14 45.7 .0464 .0300

5,10-MethenylTHF 0.65 0.12 .83 0.14 28.2 .0458 .0470

5,10-MethylenTHF 0.66 0.15 .74 0.20 11.9 .3454 .4940

5-MethylTHF 17.38 8.89 2.08 8.89 15.5 .1573 .0010

Adenosine 28.19 4.07 34.98 6.36 24.1 .0277 .0277

Arginine 11.570 2789 12.076 5930 4.4 .9165 .8100

Asymmetric dimethylarginine 28.994 7.807 29.237 8.029 0.8 .9139 .4240

Betaine 202.86 52.65 302.86 289.32 49.3 .4618 .3610

BH2 2.66 1.41 5.55 2.91 108.9 .0277 .0277

BH4 3.39 1.86 7.08 3.42 108.8 .0277 .0210

Ratio BH4:BH2 1.35 0.49 1.52 0.89 13.0 .9165 .7140

Biliverdin 3.53 0.70 3.92 1.89 11.2 .6002 .4850

Choline 733.84 457.21 292.50 254.11 −60.1 .1159 .0750

Citrulline 5.22 1.82 5.41 1.42 3.6 .6002 .6002

Cystathionine 5.78 3.05 4.30 4.35 −25.7 .2476 .2910

Cysteine 15.500 6.575 34.616 26.321 123.3 .0273 .1590

DiHydrofolate (DHF) 0.23 0.07 .40 0.28 70.6 .1730 .1730

Dimethyl-glycine 317.96 160.95 452.40 302.27 42.3 .2489 .1500

Folate 12.92 2.97 13.23 4.40 2.5 .6002 .6420

Formate 11.87 2.48 14.15 5.09 19.2 .1730 .1540

γ-glutamylcysteine 67.12 69.74 109.34 64.33 62.9 .0273 .0700

Glutamate 3.625 1.740 4.041 1.668 11.5 .3454 .5380

Glycine 12.204 3.530 6.216 7.482 −49.1 .1159 .0310

GSH (reduced glutathione) 0.73 0.07 .62 0.58 −14.7 .6002 .6830

GS-SG (Oxidized glutathione) 0.07 0.01 .07 0.05 0.8 .7532 .9810

Ratio GSH:GSSG 10.11 0.59 7.75 4.89 −23.4 .2489 .2620

Guanidinoacetate 121.90 25.21 124.45 25.69 2.1 .3454 .5800

Homocysteine 1.771 656 1.534 482 −13.3 .1730 .1740

Homolanthionine 0.70 0.12 .78 0.19 11.1 .3441 .2400

Homoserine 3.464 847 3.114 700 −10.1 .4631 .3360

Hypotaurine 3.88 1.75 3.03 0.63 −22.0 .1148 .1510

Lanthionine 6.06 2.06 3.93 1.00 −35.2 .0464 .0240

Methionine 819.93 413.26 1.264 845 54.2 .1148 .2100

Methylcobalamin 0.28 0.03 .64 0.03 130.7 .1573 .0001

 (Continued)
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Time of sampling Pre treatment Post treatment P value

Analytes Mean SD Mean SD % change Wilcoxon T-test

Ornitine 4.308 734 4.497 718 4.4 .0235 .0001

Phosphatidylcholine 5.008 1.090 5.077 1.438 1.4 .9156 .6840

Phosphatidyletanolamine 6.978 1.422 6.704 1.324 −3.9 .0235 .0090

Ratio PC:PE 0.72 0.05 .75 0.10 4.6 .3454 .2830

Pyridoxal-5-phosphate (P5P) 2.01 0.76 2.42 0.97 20.3 .7532 .4450

Pyruvate 3.582 594 3.713 623 3.6 .0668 .0520

S-adenosylhomocysteine (SAHo) 3.03 0.763 3.04 0.62 0.4 .9165 .9240

S-adenosylmethionine (SAMe) 2.51 0.753 3.14 0.93 25.1 .0273 .0220

Ratio SAMe:SAHo 0.83 0.116 1.02 0.17 23.6 .0464 .0320

Sarcosine 0.56 0.028 1.24 0.30 121.3 .1797 .1770

Serine 4.912 1.831 5.132 1.921 4.5 .2489 .6880

Sulfate (SO4
2−) 0.79 0.049 .83 0.11 5.5 .4631 .4010

Taurine 548.78 240.91 54.08 254.99 −1.6 .4504 .4930

TetraHydrofolate (THF) 0.41 0.34 .46 0.57 11.9 .9165 .6420

Trimethylamine oxides (TMAO) 6.11 4.58 5.86 1.77 −4.1 .3454 .9180

Changes in selected metabolites after exposure for 10 days to a micronutrient supplement containing L-cystine (500 mg per day), Taurine (500 mg per day), and P5P 
(20 mg per day). Data from 6 patients (2 females). All concentrations are given as μg/L except sulfate given as meq/L. Significant P values are highlighted in bold 
characters, P values showing a trend for significance are highlighted in bold/italic characters.

Table 1.  (Continued)

Administered substances

The trend for increased post-treatment concentration of the 
micronutrients contained in the test product (Redostim, 
Parthenogen, Switzerland) support the idea that they were 
actually bioavailable. P5P, which was administered at a total 
dose of 20 mg per day, non-significantly increased by 20% 
whereas taurine (total daily dose 500 mg) did not change 
(−1.6%). Cysteine concentration (total daily dose 500 mg of 
L-cystine), which is very stable without interventions, increased 
by 126% from 15 500 ± 6575 to 34 616 ± 26 321 μg/L. This 
increase was significant only according to the Wilcoxon signed 
rank test (P = .027).

Transsulfurations pathway: Effects on H2S and 
GSH metabolism

The effect of the micronutrients on H2S metabolism was eval-
uated by checking the changes in the concentration of the end-
products of H2S releasing reactions. In particular, we assumed 
lanthionine to be the main reporter of H2S release form CBS 
reactions and homolanthionine to report on the release from 
CSE reactions.1 The activity of the CAT/3MPST pathway was 
evaluated looking at changes in 3-mercaptopyruvate, reporting 
CAT activity, in pyruvate, reporting about 3MPST reaction, 
and sulfates (SO4

2−) generated by final H2S oxidation onto the 

respiratory chain.24,29 The main changes of these metabolites 
are depicted in Figure 2.

The concentration of lanthionine, marking H2S release 
from CBS, significantly decreased (−35.2%) from 6.06 ± 2.06 
to 3.95 ± 1.00 μg/L (W: P = .046; T: P = .024). We also recorded 
a non-significant 11% increase of homolanthionine, reporting 
on H2S release from CSE activity, from 0.70 ± 0.12 to 
0.76 ± 0.19 μg/L. The concentration of 3-mercaptopyruvate, 
reporting on the activity of CAT, significantly increased 
(+45.6%) from 0.27 ± 0.08 to 0.39 ± 0.14 μg/L (W: P = .046; 
T: P = .03). The increase of pyruvate, reporting on intra-mito-
chondrial 3-mercaptopyruvate hydrolysis by 3MPST, was small 
(3.6%) but showed a trend for significance (from 3582 ± 5934 
to 3713 ± 623 μg/L; W: P = .067; T: P = .052) whereas sulfates 
reporting on H2S oxidation in the generation of ATP non-
significantly increased by 5.5%.

GSH metabolism was also changed by the supplement. The 
concentration of the GSH precursor γ-glutamylcysteine sig-
nificantly increased (+62.9%) from 67.12 ± 69.7 to 
109.34 ± 64.3 (W: P = .027; T: P = .07). Nevertheless, GSH 
non-significantly decreased (−14.7%) from 0.72 ± 0.70 to 
0.62 ± 0.58 and the GSH to oxidized glutathione (GSSG) 
ratio also decreased non significantly from 10.1 to 7.75.

In summary, following micronutrient supplementation, the 
changes in the markers were compatible with a decreased 
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release of H2S from CBS, the markers of CSE activity showed 
little, non-significant positive changes whereas the concentra-
tion of 3-mercaptopyruvate from CAT increased, which is 
compatible with increased H2S release from 3MPST.

Effects on one carbon metabolism/methylations

Micronutrients strongly activated the one carbon metabolism, 
see Figure 3.

Metabolites reporting on the folate cycle, feeding homo-
cysteine re-methylation from folates, were increased, which 
reached significance for 5,10-methenylTHF (+28.2 %) from 
0.65 ± 0.12 to 0.83 ± 0.14 μg/L (W: P = .046; T: P = .047) and 
for 5-MethylTHF (+15.5%) from 17.39 ± 8.9 to 
20.08 ± 8.9 μg/L (W: P = .157; T: P = .001). The alternative 
homocysteine remethylation pathway using betaine generated 
within mitochondria was also upgraded. However, the increase 
of betaine (+49.3%) and of its de-methylation product dimeth-
ylglycine (+42.3%) was not significant. Nevertheless, the 
reduction of choline (−60.1%) from 733.84 ± 457.2 to 
292.50 ± 254.11 μg/L showed a trend for significance (W: 
P = .116; T: P = .075) and may reflect increased intramitochon-
drial generation of betaine from choline. Accordingly, we 
recorded a significant increase of the reporters of the methio-
nine cycle and of methylation capacity. SAMe was significantly 
increased (+25%) from 2.51 ± 0.75 to 3.14 ± 0.93 μg/L (W: 
P = .027; T: P = .022) as well as the ratio of SAMe to 
S-Adenosylhomocysteine (SAHo) (+23.6%) from 0.82 ± 0.11 
to 1.02 ± 0.17 (W: P = .046; T: P = .032). This indicates increased 
cycling because coupled with a significant increase (+24%) of 
the SAHo de-adenosylation product, adenosine. Moreover, 
methylcobalamin (CH3-B12), which is the specific activated 
form of vitamin B12 responsible for the final passage of methyl 
groups from 5-MethylTHF to homocysteine, was significantly 

increased (+130.7%) from 0.27 ± 0.03 to 0.64 ± 0.03 μg/L 
(W: P = .157; T: P = .0001). Worth to note from a safety point of 
view, the upgraded betaine metabolism did not cause an 
increase of trimethylamine oxides (TMAO, −4.1%), likely due 
to the compensatory decrease of choline.

Effects on NO and CO metabolism

The changes of metabolites within the NO and CO pathways 
are depicted in Figure 4.

The administration of micronutrients resulted in a massive 
increase of both reduced (BH4) and oxidized (BH2) biopterins. 
BH4 significantly increased (+108.8%) from 3.39 ± 1.86 to 
7.08 ± 3.42 μg/L (W: P = .028; T: P = .021) as well as BH2 
(+108.9%) from 2.66 ± 1.41 to 5.55 ± 2.91 μg/L (W: P = .028; T: 
P = .028). A positive BH4 to BH2 ratio is necessary for the syn-
thesis of NO and it increased by 13.4% from 1.35 ± 0.49 to 
1.52 ± 0.89, although this difference was not significant. The 
concentration of arginine (+4%), substrate for NO release, and of 
citrulline (+3.6%), end product after NO release did not change, 
that is they did not accumulate confirming that NO synthesis was 
well cycling. This was also confirmed by no change (+0.8%) of 
asymmetric dimethylarginine, the toxic by-product from arginine 
accumulation. There was also a significant increase of ornithine 
(+4.4%) from 4308.50 ± 734.2 to 4497.15 ± 717.7 μg/L (W: 
P = .024; T: P = .0001) which might indicate a boost to the putres-
cine/polyamine pathway. In summary, the recorded changes sug-
gest a strong activation of NO metabolism (increased BH4 and 
BH2) with a prevalence of a coupled nitric oxide synthase reac-
tion (increased BH4:BH2 ratio) and no signs of accumulation of 
substrates or end-products.

We had limited capacity to monitor the effects of the micro-
nutrients on CO metabolism. Iron and ferritin, produced 
together with CO during the heme catabolism by HO-1, are 

Figure 2.  Effect of micronutrients on H2S and GSH metabolism. Panel A. Enzymatic H2S release, transsulfuration pathways and alternative CBS and 

CSE reactions. Panel B. Non-enzymatic H2S release. Continuous arrows indicate the canonical reactions, dotted arrows indicate H2S generating 

reactions. Enzymes are indicated in bold when generating H2S.
Significant changes are highlighted in bold, changes with a trend for significance are highlighted in italic/bold. Significance level according to the T-test.



8	 Nutrition and Metabolic Insights ﻿

involved in many other homeostatic regulations and were not 
targeted. Biliverdin, which can be assumed as a specific marker 
of the reaction, non-significantly increased (+11.2%) from 
3.53 ± 0.70 to 3.92 ± 1.89. This change is compatible with a 
boosting effect of the micronutrients on this pathway.

Discussion
This is, to our knowledge, the first study attempting at meas-
uring the effects of dietary manipulations of the H2S releasing 
pathways in humans by looking at the metabolome by mass 

spectrometry. LC–MS/MS confirmed to be a suitable method 
for investigating the human metabolome dosing all the target 
analytes in 1 shot without any sample preparation or derivati-
zation. However, due to possible interferences between sub-
stances and unknown background effects we had to restrict 
our sample to those patients tested before and after micronu-
trient exposure within the same MS run, which limits the 
clinical suitability of this approach. Moreover, for the same 
reasons, the calculated amounts of the single metabolites may 
not precisely report their actual concentration and we could 

Figure 3.  Effect of micronutrients on the one carbon metabolism and methylation potential. Panel A. Folate cycle. Panel B. Methionine cycle. Panel C. 

Betaine (mitochondrial) cycle.
Significant changes are highlighted in bold, changes with a trend for significance are highlighted in italic/bold. Significance level according to the T-test.

Figure 4.  Effect of micronutrients on NO and CO metabolism. Panel A. NO metabolism. Panel B. CO metabolism.
Significant changes are highlighted in bold. Significance level according to the T-test.
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not attempt at designing a global sulfites balance in our 
patients. Nevertheless, the data were suitable to evaluate rela-
tive changes of the single metabolites and to detect the direc-
tion of these changes.

Although it is the main subject of our study, we did not dose 
the circulating level of H2S. This was possible by a variety of 
methods that may lead however to different outcomes as meas-
uring the reactivities of different sulfur species and the actual 
picture is difficult to achieve.30 Moreover, the measurement of 
circulating H2S, although mandatory to monitor experimental 
models, may be of little clinical value due to its very short half-
life and districtual, timed release so that a subject showing a 
high concentration at a time point may have suffered relative 
low release just a few minutes before. Opposite, the molecules 
generated by H2S releasing reactions are stable, accumulate in 
circulation and are suitable to report the level of activity of the 
different pathways over at least several hours before sampling. 
Accordingly, for clinical practice purposes we do not attempt 
H2S dosing, thus avoiding the occurrence of false fears or 
expectations in patients. Another limitation of the study was its 
small sample size, which decreases the level of confidence with 
the reported results.

The above limitations are significant and should be taken in 
due account in the interpretation of the present data and in 
defining the level of confidence with several speculation here 
below proposed.

Overall, the administration of micronutrients resulted in a 
possible activation of H2S release from the CAT/SMPST 
pathway with a compensatory decrease of the release from the 
CBS pathway, suggesting a homeostatic control. Moreover, 
based on the strong activation of the H2S related pathways, an 
increase of non-enzymatic H2S release was also likely in place.

The increased concentration of free cysteine confirmed 
both the actual bioavailability of our micronutrients and the 
role of taurine in achieving this outcome. Assumed that the 
endogenous demand for protein synthesis is very limited, such 
increased availability of cysteines was suitable for both GSH 
de-novo synthesis and H2S release. We aimed to address 
cysteines preferentially to H2S pathways by adding supraphysi-
ologic amounts of vitamin B6/P5P. Previous in vivo studies 
both in animal models and in humans had mainly assessed the 
effect of B6 deprivation confirming that it hampers mainly 
H2S release from CSE whit little or no effect on the CBS 
pathways.31 Our findings support the hypothesis that supra-
physiologic exposure to P5P further pushes in the same 
direction.

The micronutrients appeared to upgrade the CAT/3MPST 
pathway, which is known to work mainly within mitochondria 
where the released H2S can be oxidized onto the respiratory 
chain to contribute to ATP production.13 They had little (posi-
tive) effect on CSE reactions and significantly depressed the 
CBS alternative pathway. This is likely reflecting the different 

and increasing B6 sensitivity of, respectively, CBS, CSE, and 
CAT (3MPST pathway).24 However, other mechanisms might 
contribute.

The CBS alternative pathway is likely the one undergoing 
the strictest regulation so to be activated only at time of actual 
need. The best described trigger for this shift is the occurrence 
of ER stress activating HO-1 to release CO. This binds the 
heme center of CBS inhibiting its canonical activity, thus 
allowing the alternative pathway to work.17 Our patients were 
not known to suffer ER stress; Thus, they did not undergo sig-
nals for activation of CBS alternative pathways. We speculate 
that the increased release of H2S from other pathways gave 
negative feedback to the production from CBS, that is, the 
micronutrients exerted their action under the control of meta-
bolic homeostasis. It remains to be assessed if the same micro-
nutrients would upgrade also the CBS pathway if it was needed, 
that is, if ER stress was in place.

CSE has been shown to release H2S mainly by using 2 
homocysteines to generate homolanthionine,32 that is, to be 
involved in the reaction to hyper-homocysteinemia. Our 
patients did not have high homocysteine and this reaction was 
unlikely to increase under micronutrient supplementation and 
to contribute to the non-significant 11% increase of homolan-
thionine that we recorded. However, CSE can also produce 
homolanthionine when releasing H2S from cystathionine, the 
product of CBS canonical reaction leading to cysteine/GSH 
synthesis. Cystathionine non-significantly decreased after 
treatment by 26%, which is unlikely to result from consump-
tion for cysteine synthesis, due to the increased cysteine level 
after supplementation. Therefore, it is likely that cystathionine 
was consumed to produce H2S, which may account for the 
increased homolanthionine.

The upgrade to the CAT pathway was unquestionable. The 
reaction product of cysteine with α-ketoglutarate, 3-mercap-
topiruvate, was strongly and significantly increased by 45%, 
possibly due to the high sensitivity of CAT to increased avail-
ability of P5P and free cysteines. Downstream, the reaction 
product of 3MPST, pyruvate, and of oxidation of H2S to pro-
duce ATP, sulfate, were also increased, although only pyruvate 
increase was of borderline significance and with modest 
changes from baseline. However, pyruvate is consumed in a 
variety of reactions and accumulation may be difficult to occur. 
Sulfates have high degree of protein binding and are rapidly 
eliminated in the urine so that little changes of their blood level 
are expected in physiologic conditions. They may accumulate 
in urine, but this had not been checked in our patients.

H2S produced by 3MPST can also be stored in the form of 
protein bound sulfane sulfur. This is hexavalent and uncharged 
sulfur that covalently and reversibly binds other sulfur atoms, 
typically free or protein bound cysteines.33 Sulfane sulfur can 
be accumulated/stored to be mobilized and provide protein 
persulfidation signaling or ATP synthesis in situations of 
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increased reducing conditions, especially in the brain. Thus, 
sulfane sulfur storages may be a tool to locally increase H2S 
from steady state to effective concentration, that is it could be 
the main determinant for the onset of H2S signaling.34 
Storage as sulfane sulfur of the H2S produced by 3MPST in 
our patients may explain why the significant increase of 
3-mercaptopyruvate was not paralleled by a similar increase 
of SO4, that is most of the H2S released was not used for ATP 
synthesis (no need) but stored as sulfane sulfur. Thus, if taken 
for longer time, the supplementation or its equivalent from 
diet, might be effective in replenishing the sulfane sulfur stor-
ages and in increasing the ability to activate H2S signaling at 
time of need.

In summary, our results suggest that the excess of cysteine 
provided by the supplement had been disposed of by using it in 
mitochondria for bioenergetic purposes and/or to replenish 
sulfane sulfur storages. It is important to note that CAT activ-
ity depends on the occurrence of hydrolysis of L-cystine (Cys-
S-S-Cys) to release free cysteines and this reaction is itself 
GSH dependent. Therefore, the activity of CAT is homeostati-
cally limited by GSH availability.35

In this respect, the changes occurred to glutathione metabo-
lism following micronutrients are intriguing. In spite of 
increased cysteines, both GSH (−15%) and total glutathione 
(−13%) non-significantly decreased with a larger, non-signifi-
cant decrease (−23%) of the ratio of GSH to GSSG, which 
means a shift to a less reducing balance and lower ability to 
hydrolyze L-cystine to free cysteines. This may have been a 
limit for further growth of 3-mercaptopyruvate. Accordingly, 
the activity of the micronutrients is somehow self-limited, or 
homeostasis controlled, and unlikely to produce a toxic excess. 
On the other side, the non-significant decrease of GSH is to be 
seen in parallel with the increased disposition of SH groups, 
that is, reducing power, in bioenergetic reactions. These changes 
synergize in moving the redox balance toward less reducing 
conditions.

Based on rodent in vivo data, the reaction of glutamate 
cysteine ligase (GCL) is currently considered the rate limiting 
and regulated step in GSH synthesis.36 However, in our 
patients the partial reduction of GSH associated to a signifi-
cant accumulation of the GCL product γ-glutamylcysteine 
(+63%). This indicates that in our patients the regulated step 
for GSH synthesis was GSH synthetase (GS). Although this 
regulation might have been activated by our dietary manipula-
tion, the enzymes of the 1 carbon metabolism are described to 
behave in rodents in a different manner37 and differences in 
regulation of GSH synthesis between humans and rodents are 
possible.

We also looked at the effect of the micronutrients on the 
H2S-related pathways so to individuate any negative counter-
changes and to argue on the occurrence of H2S-related effects. 
The 1 carbon metabolism, that is the source of activated carbon 
units for transmethylation reactions, was strongly upgraded as 

doubtless proven by an increased ratio of SAMe to SAHo and 
by the significant increase of the de-adenylation product of 
SAHo, adenosine. Upstream, the concentration of methionine 
also grew and the pathways generating the methyl donors for 
homocysteine re-methylation (folate cycle and betaine cycle) 
were significantly activated. Among these changes, we recorded 
a surprising massive increase (+130%) of methylcobalamin. 
This finding is based on only 2 patients tested and the change 
was significant only based on the T-test (P = .0001). However, 
it seems to report a massive activation of the H2S release. 
Several research evidences point to a role of the sulfur atom in 
the B12-dependent transfer of methyl groups and a specific 
model for the interaction between H2S and cobalamins, lead-
ing to the generation of methylcobalamin, had been proposed.38 
Our findings seem to endorse that model. This mechanism 
could be an explanation for the effect of micronutrients on the 
whole methylation pathway.

In the nitric oxide pathway, we recorded a massive, signifi-
cant increase (+109%) of both the reduced (tetrahydrobiop-
terin—BH4) and the oxidized (dihydrobiopterin—BH2) 
forms of biopterins. Nitric oxide synthases (NOSs) use biop-
terins in the conversion of arginine to citrulline. During this 
passage only NOS coupled with BH4 is able to produce NO 
whereas NOS coupling with BH2 results in the oxidation of 
O2 to generate superoxide anion (•O2).39 Locally released •O2 
can contribute to BH4 oxidation to BH2 thus creating a vicious 
loop leading to NO deficiency with (decreased cycling) or 
without (normal cycling) arginine accumulation. In our 
patients, arginine did not accumulate, neither did citrulline, 
which can be interpreted as intensive/normal cycling. Although 
non-significant, the increase (+13%) of the BH4 to BH2 ratio 
vouches for NO as the product of such sustained cycling. 
Interestingly, downstream to citrulline, we recorded a signifi-
cant increase of ornithine that may indicate an upgraded poly-
amine metabolism, which was however not checked in our 
patients. The increased concentration of BH4 and BH2 is 
likely due to increased synthesis. However, experiments with 
cell cultures demonstrated that the application of a H2S donor 
rapidly and strongly activated the endothelial NOS, which 
appeared as a direct effect.40 The same may have happened in 
our patients, that is, there may have been a direct effect of H2S 
in the reduction of BH2 to BH4.

Previous studies demonstrated the role of H2S as an endog-
enous, physiologic inhibitor of phosphodiesterase 5 (PDE5)41 
and this activity is currently seen as a main explanation of the 
protective role of H2S in various forms of endothelial dysfunc-
tion.2 This was not evaluated in our patients, however the 
increased NO production here induced by micronutrients, if 
actually coupled with an increased inhibition of PDE5 from 
increased H2S release, might reach clinical relevance in the 
treatment of endothelial dysfunction.

The interaction between H2S and HO-1/CO metabolism is 
bi-directional. CO released from HO-1 can induce H2S release 
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by activating the CBS alternative pathway.17 In turn, H2S was 
shown to induce the expression of HO-1 mRNA and protein 
both in rodent42 and in human cells.43 Experiments based on 
the application of H2S-donors in murine cells showed that H2S 
is also able to modify the activity of HO-1, rendering it less 
oxygen dependent, thus improving the HO-1 response to 
extreme hypoxia.44 However, our patients did not have known 
reasons to activate HO-1 and a strong activation of this path-
way was therefore not expected. Indeed, we recorded a relatively 
small and non-significant increase of biliverdin (+11%) that is 
compatible with some HO-1/CO activation but, in any case, to 
a low extent. However, it remains possible that the increased 
background availability of H2S induced by micronutrients 
would facilitate and/or accelerate the activation of HO-1 at 
time of need, for example, during transient tissues hypoxia or at 
time of ER stress. This activity, if confirmed, might be of rele-
vance in the activation of innate immunity, in the reaction to 
SARS-Cov2 infection and in the treatment of Covid 19.9

It has been recently shown in murine in-vivo and ex-vivo 
models that H2S can be released, together with pyruvate and 
NH3, in blood at physiologic pH and oxygen tension, by non-
enzymatic reactions involving cysteine, vitamin B6 in the form 
of P5P and ferric iron.18 The reaction was shown to be both 
P5P and Fe3+ dose dependent, specifically required vitamin B6 
in its P5P form and free cysteines whereas L-cystine did not 
work and acetylcysteine inhibited the reaction. Due to little 
variability in vivo of the P5P level, the Authors claimed for a 
main physiopathological role of this pathway in hemolytic con-
ditions resulting in the release of free or heme-bound iron. 
Their study did not check the effect on the reaction of escalat-
ing concentration of cysteine, however it used cysteine 10 mil-
limolar, which is high. Our patients were exposed to both high 
cysteines and supraphysiologic P5P, therefore intravascular, 
non-enzymatic release of H2S was expected. However, we can-
not prove it because the only possible metabolic marker, pyru-
vate, that had in our patients a small change (+3%) but with a 
trend for significance, is unlikely to be a precise reporter because 
involved in a variety of compensating reactions. However, the 
massive activation of methylation and NO metabolism recorded 
in our patients suggests a release of H2S that seems stronger 
than that assumed on the basis of the 3MPST increase alone. 
Therefore, some non-enzymatic intravascular release from 
cysteine was likely to be taking place. Moreover, experiments 
with mouse aortic rings in vitro clearly showed that 3-mer-
captopyruvate may itself serve as a substrate for H2S non-enzy-
matic release.45 The study did not detail all the molecules 
involved in the reaction, however 3-mercaptopyruvate has the 
potential to substitute cysteine in the co-ordinated catalysis by 
P5P and iron. Thus, 3-mercaptopyruvate may be a system to 
export to the bloodstream amounts of H2S produced into cells, 
and this may have happened in our patients. In any case, pend-
ing a better understanding of the mechanism, the present data 
suggest that micronutrients may have supported increased 

intravascular release of H2S and this may have clinical relevance 
in the treatment of endothelial dysfunction.

The next question is whether the metabolic changes here 
described may actually occur following a standard dietary 
change, that is without a supplement, and if they could be 
involved in the protective effects from a diet imbalanced toward 
vegetable proteins,20 which are enriched in cysteines. Our sub-
jects assumed a supraphysiologic dose of vitamin B6, that is 
20 mg compared to the standard daily human requirement of 
1.4 mg, and this amount is unlikely to be achieved by consum-
ing standard meals. Moreover, B6 is well provided by meat and 
fish with lower availability from vegetables, the best sources of 
cysteines. Taurine also likely contributed to the effect and, sim-
ilarly to B6, it is mainly provided by fish and meat with negli-
gible content in vegetables.46 On this base, a significant 
enhancement of enzymatic H2S metabolism and signaling 
from a vegetarian diet is unlikely. However, in the present study 
the main source of H2S release appeared to result from non-
enzymatic intravascular release further endorsing the sensitiv-
ity of this pathway to the dietary inputs. Thus, in subjects with 
an adequate B6 and iron status, an increase of dietary cysteines 
might be still able to induce a subtle enhancement of non-
enzymatic intravascular release of H2S and to contribute to the 
enrichment of the sulfane sulfur storages. Thus, in the long run, 
a positive effect from a cysteine-enriched diet is possible and 
the dietary patterns may have an effect on H2S signaling. 
However, our data point to the potential benefits from a well-
balanced diet, providing good amounts of B6, taurine and iron 
(meat and fish) together with cysteines (vegetables), and not to 
a straight vegetarian diet.

Conclusions
We have shown that the metabolic changes resulting from a 
micronutrient support containing L-cystine, taurine and sup-
raphysiologic amounts of activated vitamin B6 (P5P) is likely 
to be effective in inducing an increased endogenous release of 
H2S and to do so within the control of homeostatic mecha-
nisms. Our study carries several methodological weaknesses, 
including the small sample and the retrospective nature, and 
prospective data are needed to confirm these findings and the 
suitability of this approach for the correction of clinical condi-
tions with defective H2S release. We recorded strong secondary 
upgrading effects on the methylation pathways and on NO 
metabolism that are compatible with H2S induction, thus con-
firming in-vivo, in humans and in physiologic conditions, pre-
vious experimental findings and providing evidences for new 
possible regulating mechanisms. The magnitude of upregula-
tion of methylation and NO metabolism went beyond the one 
expected based on the recorded increase of the markers of H2S 
enzymatic production and part of the effect was likely achieved 
by non-enzymatic intravascular release, which may have clini-
cal applications in endothelial dysfunction. Similar, positive 
metabolic adaptations could be sustained by a balanced diet 
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comprising both animal/fish and vegetable food, which needs 
to be explored in purposely designed studies.

The investigation of the metabolome from unprocessed blood 
plasma by LC-MS/MS confirmed to be a suitable methodology 
to understand the actual outcomes from dietary interventions 
and to provide meaningful insights into the backing mecha-
nisms. Accordingly, it might be considered as a standard practice 
in the validation of nutritional interventions for the clinical use.
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