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Glycine and cysteine are non-essential amino acids that are required to generate glutathione, an intracellular tripeptide that neutralizes reactive oxygen species and prevents tissue damage. During aging glutathione demand is thought to increase, but whether additional dietary intake of glycine and cysteine contributes towards the generation of glutathione in healthy older adults is not well understood. We investigated supplementation with glycine and n-acetylcysteine (GlyNAC) at three different daily doses for 2 weeks (low dose: 2.4 g, medium dose: 4.8 g, or high dose: 7.2 g/day, 1:1 ratio) in a randomized, controlled clinical trial in 114 healthy volunteers. Despite representing a cohort of healthy older adults (age mean = 65 years), we found significantly higher baseline levels of markers of oxidative stress, including that of malondialdehyde (MDA, 0.158 vs. 0.136 µmol/L, p < 0.0001), total cysteine (Cysteine-T, 314.8 vs. 276 µM, p < 0.0001), oxidized glutathione (GSSG, 174.5 vs. 132.3 µmol/L, p < 0.0001), and a lower ratio of reduced to oxidized glutathione (GSH-F:GSSG) (11.78 vs. 15.26, p = 0.0018) compared to a young reference group (age mean = 31.7 years, n = 20). GlyNAC supplementation was safe and well tolerated by the subjects, but did not increase levels of GSH-F:GSSG (end of study, placebo = 12.49 vs. 7.2 g = 12.65, p-value = 0.739) or that of total glutathione (GSH-T) (end of study, placebo = 903.5 vs. 7.2 g = 959.6 mg/L, p-value = 0.278), the primary endpoint of the study. Post-hoc analyses revealed that a subset of subjects characterized by high oxidative stress (above the median for MDA) and low baseline GSH-T status (below the median), who received the medium and high doses of GlyNAC, presented increased glutathione generation (end of study, placebo = 819.7 vs. 4.8g/7.2 g = 905.4 mg/L, p-value = 0.016). In summary GlyNAC supplementation is safe, well tolerated, and may increase glutathione levels in older adults with high glutathione demand.
Clinical Trial Registration: https://clinicaltrials.gov/ct2/show/NCT05041179, NCT05041179.
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INTRODUCTION
Reactive oxygen species (ROS) are a group of short-lived oxygen-containing molecules formed mainly as byproducts of oxidative metabolism in mitochondria (Beckman and Ames, 1998). Due to their reactive nature, oxidative stress from ROS can damage macromolecules such as DNA and structural proteins, organelles, and interfere with biological processes including mitochondrial energy generation, cellular signaling, autophagy, senescence, and apoptosis (Beckman and Ames, 1998; Lee et al., 2012; Shadel and Horvath, 2015; Sies, 2015; Garcia-Prat et al., 2016). Intracellular ROS concentrations can reach damaging levels when they are not adequately detoxified by cellular antioxidants, a mechanism that is thought to contribute to the cellular aging process and the onset of chronic diseases (Harman, 1992; Sies, 1997; Beckman and Ames, 1998; Forrester et al., 2018; Redman et al., 2018). Several cellular enzymes, including superoxide dismutases, catalases, and glutathione peroxidases (GPXs) as well as low molecular antioxidants from dietary intake or biosynthesis are the principal mechanisms to maintain ROS levels within a physiological range (Sies, 1997).
The tripeptide glutathione (GSH) is the main low molecular antioxidant ubiquitously present in cells where it is produced from the amino acids cysteine, glycine, and glutamate (Sies, 1997; Sies, 1999; Wu et al., 2004; Forman et al., 2009). Monomeric GSH takes part in a reduction-oxidation (redox) buffer system together with its oxidized form glutathione disulfide (GSSG). In this reaction, reactive oxygen molecules are neutralized by a reducing equivalent from the thiol group of GSH, which in turn is oxidized to form the dimer GSSG through a process that is regulated by GPXs (Sies, 1999; Wu et al., 2004; Forman et al., 2009). Glutathione concentrations are in the low micromolar range in plasma but reach levels between 0.5 and 10 mM in cells, including erythrocytes and other circulating blood cells (Wu et al., 2004; Forman et al., 2009). The ratio of reduced GSH to oxidized GSSG is enzymatically maintained at >10 by glutathione reductase and NADPH in physiological conditions and is dependent on the tissue type (Sies, 1999; Wu et al., 2004). In addition, glutathione synthesis rates across tissues vary, likely reflecting different demands in steady state and in response to stressors, such as acute inflammation (Malmezat et al., 2000). A chronically diminished GSH:GSSG ratio in circulating blood is however thought to be a valuable surrogate marker of elevated oxidative stress in conjunction with the appearance of low-molecular oxidation products, such as lipid peroxides and protein or non-protein bound forms of cysteine disulfides in blood plasma (Sies, 1999; Wu et al., 2004; Ho et al., 2013; Fu et al., 2019).
GSH levels have been reported to decline with old age (Lang et al., 1992; Samiec et al., 1998; Lang et al., 2000; Sekhar et al., 2011) and to be lower in a number of chronic medical conditions associated with oxidative stress, including diabetes (Martina et al., 2008), hypertension (Hildebrandt et al., 2015), macular degeneration (Samiec et al., 1998), cystic fibrosis (Roum et al., 1993), chronic obstructive pulmonary disease (COPD) (Zheng et al., 2014), HIV (Herzenberg et al., 1997), COVID-19 (Kumar et al., 2021b), and inherited mitochondrial diseases (Hargreaves et al., 2005), among others (Rushworth and Megson, 2014). In addition, genetic variants in genes encoding for GPXs have been associated with increased mortality from cardiovascular diseases (Zhang et al., 2014) and diabetes (Hamanishi et al., 2004). GSH further has a role in the detoxification of acetaminophen poisoning by forming conjugates with the toxic intermediate n-acetyl-p-benzoquinone (Lauterburg et al., 1983). Intravenous administration of N-acetylcysteine (NAC), an acetylated form of cysteine with improved pharmacokinetic properties (Borgstrom and Kagedal, 1990), restores glutathione levels in the liver and is used as an antidote for acetaminophen-induced acute liver failure (Lauterburg et al., 1983; Smilkstein et al., 1988). The concept of glutathione as an essential guardian for cellular protection from oxidative stress and xenobiotic toxicity has spurred a large number of clinical studies using NAC in different chronic disease conditions (Sies, 1999; Townsend et al., 2003). For example, NAC alone, or in combination with glycine, have been reported to restore glutathione status and improve disease outcomes in patients with HIV (Herzenberg et al., 1997; De Rosa et al., 2000; Nguyen et al., 2014; Gupta et al., 2016; Kumar et al., 2020) and COPD (Zheng et al., 2014; Hirai et al., 2017). In addition, clinical trials in small cohorts of elderly with insulin resistance and high pro-inflammatory markers showed promising effects using NAC and glycine supplementation on a lowering of oxidative stress markers as well as improved endpoints related to metabolic, physical, and cognitive health (Sekhar et al., 2011; Nguyen et al., 2013; Kumar et al., 2021a).
Despite this body of evidence that points to a role of impaired glutathione levels in age-related chronic diseases, much less is currently known about glutathione status and levels of oxidative stress in healthy subjects. Specifically, information on glutathione status in older adults considered generally healthy is currently limited and therefore the benefits of GlyNAC supplementation in such a population are not well established.
Here, we aimed to assess the efficacy and safety of GlyNAC in a randomized controlled clinical trial in healthy older adults (60–85 years) recruited to represent healthy aging in the absence of disabling chronic medical conditions. The primary outcome was the level of total glutathione (GSH-T) in whole blood compared to placebo at the end of the study. 117 participants from 60 to 85 years were enrolled at a single center, receiving placebo or GlyNAC at 2.4, 4.8, or 7.2 g (1:1 ratio) divided in two doses per day for 14 days. Dosing efficacy as well as circulating levels of GSH-T, the ratio of reduced to oxidized glutathione (GSH-F:GSSG) and concentrations of malondialdehyde (MDA), a lipid peroxide marker of oxidative stress, as well as that of total cysteine, an indicator of oxidation of reduced cysteine to oxidized forms of cysteine, were assessed as secondary efficacy outcomes. In addition, safety and tolerability of GlyNAC were monitored. A group of 20 young healthy volunteers (mean age = 31.7 years) was recruited for comparison of outcomes with the older participants.
MATERIALS AND METHODS
Ethics and Registration
The trial was conducted in compliance with the International Conference on Harmonization (ICH) guidelines and the ethical principles of the Declaration of Helsinki and its subsequent amendments. The trial design was approved by the IEC/IRB of North Rhine Medical Council (IRB number: 2018188). All trial procedures were conducted by Profil Institute for Metabolic Research GmbH (Neuss, Germany) in collaboration with MLM Medical Labs GmbH (Moenchengladbach, Germany). The trial is registered at clinicaltrial.gov (NCT05041179).
Inclusion and Exclusion Criteria
The study flowchart is shown in Figure 1. 729 participants were voluntarily recruited from the database and a written informed consent was obtained from 217 subjects during an ambulatory visit (Visit 0), where eligibility and willingness to participate were assessed. Inclusion criteria for eligibility were: age range 20–40 years old (young adults) and 60–85 years old (older adults), both inclusive; both sexes were admitted; BMI range 18.5–30 kg/m2 (young adults) and 25–35 kg/m2 (older adults), both inclusive; considered generally healthy; sedentary for older adults, with less than 1 h of strenuous exercise per week; levels of HbA1c less than 5.7% (38.8 nmol/mol for young adults) and 6.5% (47.5 nmol/mol for older adults). Subjects with known clinically relevant comorbidity, acute illness, serious infectious disease for 4 weeks prior the product intake, abnormal screening laboratory tests, and abnormal blood pressure (systolic blood pressure <90 mmHg or >139 mmHg and/or diastolic blood pressure <50 mmHg or >89 mmHg) were excluded, although subjects with normal blood pressure taking anti-hypertensive medication were included. Heavy smokers (more than five cigarettes per day) and people with history of alcoholism or drug abuse were also excluded and participants were asked to refrain smoking 3 days prior and during the intervention. Participants were also asked to avoid any medication for 14 days before test product intake, consumption of high protein supplements within 60 days of screening and during the study, and consumption of any antioxidant, vitamins, herbal supplements within 2 weeks prior to and during the study. The full list of exclusion criteria is available in Supplementary Table S2. Conformity of participants to all exclusion criteria was assessed during the screening visit (Visit 1), during which a clinical examination and a blood sample was taken; a total of 137 participants were selected to enter the study (20 young adults, non-interventional group; 117 older adults, interventional group).
[image: Figure 1]FIGURE 1 | Flowchart of study design. Summary of recruitment process of healthy young subjects and healthy older adults and their randomization to the placebo arm and the three treatment groups. Follow-up indicates the interim time point at 3 days after first dosing (V3). V= Visit; N= Numbers.
Study Protocol
The study is a single-center, double-blind, randomized, placebo-controlled 4-arm study design. Following the screening visit, the interventional group of older adults have undergone three visits on day 1 (Visit 2), day 4 (Visit 3), and day 15 (Visit 4) of the treatment supplementation. At Visit 2, participants were randomized in a 1:1:1:1 ratio in four different arms: placebo, 2.4 g of actives, 4.8 g of actives, 7.2 g of actives. Participants came to each visit after an overnight fast (>10 h), with up to 200 ml of water allowed, avoiding strenuous exercise within the last 48 h, avoiding a protein-rich meal in the evening before the visit as well as consumption of alcohol, caffeine and/or methylxanthine-containing products in the last 24 h before the visits. At each visit the subjects had a medical examination (body measurements, vital signs, and physical examination). Two blood samples were taken 60 min before and 60 min after the product intake for assessment of glycine, total cysteine, GSH-T, GSH-F, GSH-F:GSSG in whole blood and glycine, total cysteine, cystine, MDA in plasma. Subjects received a mixed meal (breakfast) after the product intake.
Product Dosing, Composition, and Administration
A powder blend of N-acetylcysteine (NAC) and glycine was tested at three different daily doses: 2.4 g of actives (1.2 g NAC + 1.2 g glycine), 4.8 g of actives (2.4 g NAC + 2.4 g glycine), and 7.2 g of actives (3.6 g NAC + 3.6 g glycine) per day. Each dosage was split into two doses consumed in the morning and in the evening. The placebo control arm received 7.2 g of isomaltulose with the same way of administration. In order to keep it blind, all subjects took three sachets of test product at each dosing; all sachets had the same weight of 1.2 g. The scheme of the sachet composition for each arm is shown in Supplementary Table S1. The investigational product was manufactured, filled, and labelled by Glanbia Nutritionals GMBH, Germany. Secondary and tertiary packing of the study product for blinding purposes was performed at Profil Institute.
Glutathione, Cysteine, Glycine, and MDA Measurements
GSH-T, GSH-F, GSH-F:GSSG, total cysteine and glycine levels were measured in whole blood. After blood withdrawal into EDTA, samples were rapidly stored at −80°C. The quantitative analysis of free GSH and GSH-T was performed according the applicable international standards from the FDA and EMA, using the HPLC method from Chromsystems (Gräfelfing/München, Germany). Protein precipitation was performed on all samples, standards and controls. Prior to analysis, samples underwent a protein precipitation step followed by a derivatization step. To detect both forms of glutathione (GSH-F and GSSG), each sample is divided into two aliquots after the initial protein precipitation. For detection of GSH-F, the first aliquot is derivatized immediately. The second aliquot is first chemically reduced before derivatization, which leads to the conversion of GSSG to GSH. In this second aliquot the sum of both oxidized and reduced glutathione (GSH-T) can be analyzed. The subsequent analysis bases on HPLC determination with fluorescence detection. The concentration of the oxidized form GSSG was calculated from the obtained results using the formula GSSG = GSH-T - GSH-F x 0.99672. A similar method was used for the MDA quantification, assessed also by HPLC Chromsystems (Gräfelfing/München, Germany). The analysis was performed using the Chromsystem reagent kit, that allows the determination of MDA on an isocratic HPLC system with fluorescence detection. Before the fluorescence detection, EDTA plasma samples and controls were prepared with a precipitation step followed by derivatization.
Quantification of glycine, total cysteine, cystine and NAC in plasma was performed with Ultra Performance Liquid Chromatography tandem Mass Spectrometry analysis (UPLC-MS/MS). Samples, standards and controls were added with internal standards working solution and tris (2-carboxyehtyl) phosphine hydrochloride solution (Merck KGaA, Darmstadt, Germany), or replace by Milli-Q water for cystine measurements, and vortexed at 800rpm for 15 min at room temperature. Protein precipitation using methanol (Merck KGaA, Darmstadt, Germany) and 0.1% formic acid (Merck KGaA, Darmstadt, Germany) was performed and the collected supernatant was treated with a derivatization solution of aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) (Merck KGaA, Darmstadt, Germany). After incubation at 55°C, a final dilution of the derivatized mixture was done by an addition of ammonium formate solution 0.55 g/L (Merck KGaA, Darmstadt, Germany) in water containing 0.1% formic acid (Merck KGaA, Darmstadt, Germany). The samples were then injected into the UPLC-MS/MS for analysis. Chromatographic separation for cystine measurements was performed using AccQ-TAG Ultra C18 100 × 2.1 1.7 um analytical column (Waters®, United States), for glycine, cysteine, and NAC using an UPLC YMC-Triart metal Free C18 50 × 2.1 1.9 um analytical column (YMC®, Japan). Mass spectrometric analysis and detection were performed using specific MRM for analytes and their related labeled internal standards, on a Xevo TQ-XS (Waters®, United States), equipped with electrospray ionization source in positive mode and argon as collision gas. Integration of chromatographic peaks was performed using Masslynx software (Waters®, United States). The analytical method for the quantification of glycine in whole blood is based on precipitation, centrifugation and dilution of the supernatant, followed by the determination of the glycine using Liquid Chromatography tandem Mass Spectrometry analysis (LC-MS/MS). Samples, standards and quality controls were added with internal standards working solution and precipitated with acetonitrile (Chemsolute, Th.Geyer, Renningen, Germany) and 0.1% formic acid (Merck KGaA, Darmstadt, Germany). The supernatant was transferred in a 96-well plate and submit to LC-MS/MS analysis using Mass Spectrometer TSQ Vantage (Thermo Fisher Scientific, Waltham, Massachusetts, United States). The time point of 60 min to determine oral bioavailability of the interventional product was decided based on the published tmax of approximately 45 min after oral ingestion of NAC (Borgstrom and Kagedal, 1990) and that of approximately 75 min of glycine in blood plasma of healthy volunteers (Butterworth et al., 1958).
Safety Panels
Safety of the product was assessed during the study through the monitoring of adverse events and blood biochemistry analysis performed by MLM Medical Labs. Basal blood hematology and biochemistry were performed at the screening Visit 1 on all subjects. At the end of the study at Visit 4, a short list of hematology and biochemistry markers was performed to monitor the safety of the product intake at−60 min before and 120 min after the product intake. The parameters assessed were: hematocrit, hemoglobin, erythrocytes, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), MCH concentration, platelets, leucocytes, sodium, potassium creatinine, glucose, total cholesterol, aspartate aminotransferase (GOT), alkaline phosphatase, gamma-glytamyltransferase (ɣ-GT), insulin, triglycerides. An exhaustive list of all parameters detected can be find in Annex 1.
Statistical Methods
The sample size calculations for the interventional cohort are based on unpublished data from Profil which evaluated total GSH measurement in healthy young subjects. A sample size of 120 subjects (4 arms; 30 per arm) would provide 80% power to detect a significant intraindividual change in total GSH of 12.5% (comparison baseline to end-of-treatment) and significant interindividual difference between groups (0 vs 2.4 vs. 4.8 vs. 7.2 g) of 17.5% at α = 0.05 level. To account for potential outliers, an additional eight subjects (2 per arm) results in a total sample size of N = 128. For the non-interventional cohort, a group size of 20 subjects will detect a minimum difference in baseline GSH of at least 16% between young and elderly healthy subjects (0.05 alpha, 0.8 power) based on an inter-subject CV of 22%. Demographic and general baseline characteristics are represented as LS-means with standard deviations for normally distributed parameters or medians with IQR for non-normally distributed parameters. The baseline values of the young adults were compared to the baseline parameters of older adults using parametric t-statistics for LS-means and one-tailed nonparametric Wilcoxon/Mann-Whitney tests for medians. Correlation analysis between baseline parameters were performed in older adults with all arms pooled. A linear mixed model was used to test intraindividual changes from baseline (Visit 2) and end of study (Visit 4) within each dose group and from placebo group. All hypothesis tests were assessed at 5% level.
Data Availability Statement
Data related to this study as well as a clinical study report released by Profil and Nestlé Health Science are available upon reasonable request.
RESULTS
Cohort Characteristics and Levels of Oxidative Stress Markers at Baseline
117 older adults between 60 and 85 years of age were enrolled and randomized into a placebo group and three groups receiving active doses at 1.2, 2.4, and 3.6 g of each of Gly and NAC daily (Figure 1; Supplementary Table S1). 114 of the participants completed 2 weeks of daily GlyNAC administration orally taken in two doses (Figure 1). The cohort consisted of generally healthy older adults: subjects were excluded if they had hypertension (>139/89 mmHg), if they had a fasting glycated hemoglobin A1c (HbA1c) > 6.5% (47.5 nmol/mol), indicative of diabetes, a diagnosis of diabetes, a BMI >35 kg/m2, or if they suffered from other major chronic medical conditions, such as dementia, frailty, or malignancies (Supplementary Table S2). A non-interventional control cohort of 20 healthy adults between 20 and 40 years of age was recruited as a reference group. Baseline characteristics of the non-interventional cohort of young adults and the interventional cohort of older adult volunteers are summarized in Table 1. Several markers related to metabolic health, including HbA1c, triglycerides, LDL, total cholesterol, and C-reactive protein (CRP) were moderately increased in healthy older adults. The mean BMI of 28 kg/m2 is in the range of overweight category but is within the normal distribution in a healthy cohort of older adults (Peng et al., 2019). Consistent with a moderate increase of these well-described changes in healthy aging, we observed significantly higher levels of malondialdehyde (MDA), a marker for circulating levels of lipid peroxides, in older adults compared to the levels of young subjects (means, young = 0.136, older adults = 0.158 µmol/L, p-value < 0.0001) (Table 1; Figure 2A). We also observed higher levels of total cysteine in plasma (means, young = 276, older adults = 314.8 µM, p-value < 0.0001) (Figure 2B), representing the pool of reduced cysteine, cysteine disulfides and protein-bound cysteine after addition of the reducing agent dithiothreitol (DTT) (Fu et al., 2019). Together with these changes, we identified significantly lower levels of circulating glycine in blood plasma (means, young = 271.6, older adults = 229.4 µM, p-value = 0.01) (Figure 2C). We next analyzed the status of the glutathione redox system in whole blood. The levels of GSH-T representing the combined pool of reduced and oxidized glutathione as well as protein-bound glutathione were unaffected in older adults compared to that of young subjects (Figure 2D). However, despite normal levels of GSH-T, the oxidized glutathione (GSSG) levels were significantly increased leading to a lower GSH-F:GSSG ratio in older compared to young adults (Table 1; Figures 2E,F). While GSH-F:GSSG and GSH-T levels were tightly correlated, the oxidative damage markers assessed in this study did not correlate with glutathione status (Supplementary Figure S1). These data show that older age in an overall healthy cohort is associated with higher levels of oxidative stress markers indicating a shift towards a pro-oxidative redox balance.
TABLE 1 | Baseline characteristics of study participants. Anthropometric and metabolic characteristics of young (non-interventional cohort) and older (interventional cohort) study subjects and differences in oxidative stress-related markers.
[image: Table 1][image: Figure 2]FIGURE 2 | Healthy older adults show increased levels of markers of oxidative stress. (A) Levels of MDA, (B) total cysteine and (C) glycine measured in plasma samples of the study volunteers. (D) Levels of GSH-T, (E) GSSG and (F) free to oxidized glutathione (GSH-F:GSSG) in whole blood samples. Boxplot shows the median, the first to third quartile, the 1.5x interquartile ranges, and outliers. p = p-values, parametric t-statistics of LS-means.
Safety
No severe adverse effects were reported during the course of the study and none of the study subjects discontinued GlyNAC because of adverse effects. Two of the three subjects that discontinued the study opted to not participate in Visit 4 because of COVID-19 recommendations to reduce unnecessary travels. One subject discontinued because of high blood pressure. A comprehensive safety panel of relevant blood markers was quantified from each study subject at the beginning of the study, at 3 days after first dosing and after 2 weeks of GlyNAC consumption, including blood pressure, glucose, insulin, creatinine, Alkaline Phosphatase (ALP), Alanine Aminotransferase (ALT), among others (Supplementary Table S3; Supplementary Data). No significant effects could be observed for any of the markers except for clinically not relevant, but significant changes in ALP (placebo = 60.67; 2.4 g = 65.26, p-value = 0.216; 3.6 g = 70.66, p-value = 0.009; 7.2 g = 70.52, p-value = 0.01, U/L, compared to placebo). In conclusion, 2 weeks of daily GlyNAC consumption is safe and well tolerated.
Dose-Dependency of GlyNAC Bioavailability
To compare bioavailability of GlyNAC in blood plasma in response to each dose, we quantified fasting levels of glycine, NAC and oxidized cystine 60 min before and after oral intake. Quantifying the pool of oxidized cysteine can be used as a surrogate endpoint for NAC dosing; acetyl groups are removed from NAC in the gastrointestinal tract and the liver, releasing cysteine into the circulation where it is present in a redox equilibrium between the reduced form, cysteine, and the oxidized form, cystine (Borgstrom and Kagedal, 1990). Measuring oxidized cysteine has the advantage of a higher sensitivity and better practicality in clinical trials using larger cohort sizes to determine the dosing efficacy compared to the direct measurement of reduced cysteine, which is difficult to measure and that can be prone to oxidation artefacts. GlyNAC supplementation led to a dose-dependent increase of circulating levels of glycine in blood plasma measured at 60 min after dose intake at all three doses (Figure 3A). We also detected dose-dependent increases of oxidized cysteine in response to GlyNAC administration (Figure 3B) while total cysteine disulfide levels, which include also protein-bound cysteine, remained unchanged (Supplementary Figure S2A). Thus, oral intake of GlyNAC leads to an efficient and dose-dependent absorption of glycine and NAC within 60 min. In contrast, free NAC is only detectable at the medium and high doses in a subset of subjects (Supplementary Figure S2B). Taken together, glycine and NAC are readily absorbed after oral intake within 1 h at all three active doses.
[image: Figure 3]FIGURE 3 | Dosing efficacy of GlyNAC. (A) Dose responses to acute oral intake of GlyNAC on glycine and (B) oxidized cysteine in plasma of older adults at Visit 2. Values were obtained at −60 min prior and 60 min after consumption of the active doses or placebo. Red lines represent the means. p = p-values, parametric paired t-tests between pre and post dose.
Effects of GlyNAC Supplementation on GSH Status
The primary endpoint of the study was defined as the difference in GSH-T normalized to hematocrit compared to placebo at the end of the study. No significant differences were observed at any of the three doses tested compared to the placebo treated group (LS-means, placebo = 903.5; 2.4 g = 947.7; 4.8 g = 907.7; 7.2 g = 959.6 mg/L per % Ht, p-value 2.4 g vs. placebo = 0.9039; p-value 4.8 g vs. placebo = 0.9340; p-value 7.2 g vs. placebo = 0.2778) and no significant intra-individual increases were detected comparing start of the study to the end of the study (Figure 4A; Table 2). Similarly, GlyNAC supplementation also did not change significantly the ratio of GSH-F:GSSG (LS-means, placebo = 12.49; 2.4 g = 13.53; 4.8 g = 11.34; 7.2 g = 12.65 mg/L per % Ht, p-value 2.4 g vs. placebo = 0.276; p-value 4.8 g vs. placebo = 0.502; p-value 7.2 g vs. placebo = 0.739) (Table 2). Levels of MDA or total cysteine were not impacted by GlyNAC supplementation compared to placebo, although a moderate but significant intra-individual lowering of total cysteine levels was observed at the highest dose (means, 7.2 g, start of study = 415.9, end of study = 396.7 µmol/L, p-value = 0.028) (Supplementary Table S4).
[image: Figure 4]FIGURE 4 | Effects of GlyNAC on circulating levels of GSH-T. (A) Effects of daily intake of placebo or three different doses of GlyNAC on GSH-T at Visit 4. Values were measured in whole blood samples in fasted subjects. The last GlyNAC dose was consumed the evening before the measurement. (B,C) Post-hoc subset analysis of response to (B) placebo or (C) GlyNAC treatment (4.8 and 7.2 g groups) in subjects characterized by elevated levels of oxidative stress (MDA above the median) and low baseline glutathione values (GSH-T below the median) in fasted state at Visit 2 and Visit 4. (D) Post-hoc subset analysis of response to high doses of GlyNAC treatment (4.8 and 7.2 g) in subjects characterized by low oxidative stress in fasted state at Visit 2 and Visit 4. Boxplots show the median, the first to third quartile, the 1.5x interquartile ranges, and outliers. p = p-value, nonparametric paired Wilcoxon/Mann-Whitney tests.
TABLE 2 | Effects of GlyNAC supplementation on whole blood glutathione levels. Acute and chronic changes in total glutathione (GSH-T) and reduced to oxidized glutathione (GSH-F:GSSG) in whole blood.
[image: Table 2]We next asked the question whether glutathione biosynthesis from dietary glycine and cysteine is regulated by cellular glutathione demand. To this end, we performed a post hoc analysis on a subset of the study population that is characterized by increased oxidative stress, as determined by the values above the median for MDA, while showing low levels of baseline glutathione levels, as characterized by values below the median. Subjects from the placebo group did not show differences in total glutathione levels when comparing start with end of the study (medians, V2 = 824.4, V4 = 780 mg/L per % Ht, p-value = 0.734) (Figure 4B). In contrast, pooled analysis of subjects from the 4.8 and 7.2 g treatment groups showed a 10.47% increase of total glutathione levels at the end of the 2 weeks of GlyNAC supplementation (medians, V2 = 819.7, V4 = 905.4 mg/L per %Ht, p-value = 0.016) (Figure 4C). The same analysis but combining the subjects from the 4.8 and 7.2 g groups that are not characterized by high oxidative stress did not show changes in GSH-T (medians, V2 = 947.2, V4 = 920.7 mg/L per %Ht, p-value = 0.516) (Figure 4D). An analysis based on elevated total cysteine (above the median) and low GSH-T (below the median) showed a similar result on GlyNAC efficacy in this subpopulation (medians, V2 = 817.7, V4 = 859.3 mg/L per %Ht, p-value = 0.015) (Supplementary Figure S3). These data suggest that healthy older adults with GSH-T levels that are similar to those of young adults may not utilize intra-cellular GlyNAC to generate additional GSH-T, while a subset of subjects with higher glutathione demand may be responding.
Glycine Levels are Increased in Response to GlyNAC Independently of GSH Status
An important observation of this study is the lower levels of glycine in healthy older adults (by approximately 15.5% in plasma and 8.9% in whole blood) compared to young subjects (Table 1). We therefore asked the question whether fasting glycine status is related to markers of glutathione status or oxidative stress. However, no significant associations of circulating glycine concentrations with levels of GSH-T, GSH-F:GSSG, or MDA were detected (Supplementary Figures S4A−C). A significant but moderate association of lower levels of glycine with higher levels of total cysteine could be detected (Supplementary Figure S4D). In contrast, older adults from this cohort showed a negative correlation between glycine status and the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR), a composite score indicating differences in insulin sensitivity (Supplementary Figure S4E). This observation in older adults is consistent with previous studies that report associations of low glycine status with elevated insulin resistance (Newgard et al., 2009; Wittemans et al., 2019).
We next asked whether 2 weeks of daily supplementation with GlyNAC increased fasting levels of glycine towards that of young subjects. To this end, we compared glycine levels at the end of the study between the four treatment groups while adjusting for baseline glycine concentrations. We excluded the group above the third quartile of glycine levels to remove subjects that may not have adhered to the overnight fast or that have particularly high fasting glycine levels due to other reasons. We found that the medium and high doses efficiently increased glycine levels compared to baseline (4.8 g coefficient = 65.10, p-value = 0.021; 7.2 g coefficient = 74.9, p-value = 0.007, linear model ANCOVA, reference level: placebo), whereas the 2.4 g groups did not show a significant effect (2.4 g, coefficient = 29.99, p-value = 0.27) (Figure 5; Supplementary Tables S5, S6). Of note, the medium and high doses were able to increase glycine levels close to the median level observed in young individuals (Figure 5, red dashed line). Changes in blood plasma in response to GlyNAC supplementation were not significant, although the medium dose showed a trend towards improved glycine status (4.8 g, p-value = 0.068) (Supplementary Figure S5). In summary, these results suggest that lower fasting glycine values in older adults may be efficiently restored towards intracellular blood levels of young adults within 2 weeks of supplementation.
[image: Figure 5]FIGURE 5 | Dose dependent effects of GlyNAC supplementation on glycine status. Effects of daily intake of placebo or different doses of GlyNAC on whole blood glycine levels in a subpopulation of older adults (excluding the group above the third quartile). Glycine levels have been compared before (baseline, Visit 2) and after the 2-weeks of treatment (end of study, Visit 4) in samples taken prior to the dosing with GlyNAC (−60 min) The red dashed lines represent the median of the young adults. p = p-value, linear mixed model testing intra-individual changes from baseline to end of study within each dose group and from placebo group.
DISCUSSION
Recruitment to this study followed stringent criteria to select for healthy volunteers. We provide evidence that even in this cohort representing healthy aging, several markers related to oxidative damage differ significantly from that of young adults, suggesting a pro-oxidative systemic environment. Consistent with a measurable impact of the pro-oxidative cellular status on the GSH system, levels of the oxidized dimer GSSG were elevated compared to that of young subjects. However, the ratio of GSH-F:GSSG was only moderately affected, and GSH-F or GSH-T levels did not differ. Further, we did not detect a correlation of GSH status and levels of MDA or total cysteine, suggesting that the GSH buffer capacity is not a limiting factor for protection from oxidative stress in this cohort of healthy older adults.
Consistent with the lack of differences of GSH levels between young and older adults, GlyNAC supplementation did not increase GSH-T or the GSH-F:GSSG ratio. GSH biosynthesis is proposed to be regulated as a rheostat system that is designed to maintain sufficient antioxidant capacities, while preventing an overproduction of low molecular antioxidants that may interfere with the essential roles of ROS signaling (Ristow et al., 2009; Ristow, 2014; Shadel and Horvath, 2015). To test the hypothesis that glutathione restoration occurs on the basis of cellular demand, we performed a post hoc analysis in participants that showed low levels of GSH-T (below the median) and high levels of MDA (above the median). Indeed, these subjects responded to GlyNAC supplementation with increases of GSH levels when we pooled the 4.8 and 7.2 g intervention groups. Similar results were obtained when total cysteine was used as marker of elevated oxidative stress. Of note, the proportion of individuals that increased GSH levels based on these criteria was 27.5%, which would represent a substantial proportion of the healthy older population.
Beyond the established benefits of NAC in some disorders, several trials in other disease conditions have shown inconsistent efficacy or no efficacy of GSH supplementation on outcomes, and the causal relationship of glutathione depletion to disease progression remains incompletely understood (van Zandwijk et al., 2000; Rushworth and Megson, 2014; Szkudlinska et al., 2016; Weisbord et al., 2018). In our study, blood GSH levels and the GSH-F:GSSG ratio show a high variability including many subjects that have comparable levels to those of young subjects, which can only be partially explained by technical variability, and more likely is due to interindividual differences in genetics and environmental factors. In fact, some subjects may cope well with oxidative stress through GSH-GSSG buffering and a stratification of patients for GSH demand could be a promising strategy to identify those that may benefit most from NAC or GlyNAC supplementation. Further studies are warranted to confirm this hypothesis and to understand the effects of GlyNAC supplementation in subjects with elevated oxidative stress and low baseline GSH status. In addition, investigating GlyNAC effects on GSH regulation in tissues would be of interest; we cannot exclude that GSH levels in tissues other than blood cells were more severely affected by oxidative stress since erythrocytes lack mitochondria and therefore the primary source of ROS generation. Finally, including additional biomarkers in blood and urine could help to detect more subtle differences in oxidative damage in generally healthy subjects. For example, F2-Isoprostanes, a class of lipid peroxides, are considered more stable and therefore more reliable indicators of oxidative stress than malondialdehyde and total cysteine disulfide used in this study (Milne et al., 2007; Ho et al., 2013).
Our data add to a body of evidence that healthy aging is accompanied by elevated markers of cardiovascular risk, which included significantly increased levels of CRP, HOMA-IR, triglycerides, and cholesterol (Peng et al., 2019). Further, the concentration of the oxidative damage marker total cysteine disulfide of >300 uM in older adults is within the range of what has been described as being associated with elevated cardiovascular risk compared to that of young subjects (El-Khairy et al., 2001). A group of elderly people (mean age = 70 years) described by Sekhar et al. to have severe GSH depletion (GSH-F:GSSG ratio = 7.4 in old vs. 18.9 in young) was reported to have elevated insulin resistance (HOMA-IR of 4 in older adults compared to 1.6 in young subjects, p < 0.01, n = 8 each) (Sekhar et al., 2011; Nguyen et al., 2013). A second recently published cohort also showed severe GSH depletion in older subjects (Ratio of GSH-F:GSSG of 1.1 in older subjects compared to 10.1 in young subjects, p-value = 0.0003, n = 8 each group) that were accompanied by high levels of insulin resistance (HOMA-IR of 11.4 in older adults compared to 1.7 in young subjects, p-value<0.0001) and chronic systemic inflammation (CRP: young adults = 2.4 mg/L; older adults = 4.8 mg/L, p-value < 0.0001) (Kumar et al., 2021a). Ethnicity and lifestyle factors due to the geographic location of the respective participants may explain differences in GSH redox status among the cohorts. Nevertheless, differences in cardiometabolic health status between the previous studies by Sekhar et al. and the cohort of older adults investigated in this study may be a cause of the exhaustion of the GSH system. Whether supplementation of GlyNAC improves cardiometabolic health, for example in older adults with pronounced insulin resistance or high inflammation status remains to be studied.
Alternatively, cardiometabolic health may impact glycine status independently of GSH redox status. We found glycine levels to be significantly lower in older adults compared to that of young subjects and to be inversely correlated with insulin resistance; glycine levels were 15.5% lower in plasma, an extent that is similar to what has been described in obese, insulin-resistant subjects (Newgard et al., 2009). The significantly lower glycine status in healthy older adults is surprising as glycine is a non-essential amino acid whose levels are regulated by de novo synthesis and dietary intake. A regular Western Diet provides about 3 g of glycine per day while the endogenous synthesis rate is estimated to generate approximately 1.5–3 g per day (Melendez-Hevia et al., 2009). The lower fasting glycine levels that are negatively correlated with HOMA-IR point towards a link of glycine status and cardiometabolic health in healthy aging, similar to what has been reported in people with diabetes (Wittemans et al., 2019). Consistent with this concept, an intervention trial with 15 g of glycine daily during 3 months lowered HbA1c levels in people with diabetes (Cruz et al., 2008), while acute ingestion of glycine together with an oral glucose bolus lowered glucose excursions (Gannon et al., 2002). More studies are warranted to identify target populations that may benefit from supplementary dietary glycine intake.
In summary, this study suggests that GlyNAC supplementation is safe and well tolerated in older adults and may support GSH biosynthesis in individuals with increased oxidative stress and compromised GSH stores. In individuals without an increased oxidative burden, circulating GSH remained stable.
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Young adults

Count (F/M)

n 20 (@/11)
Mean (sd)

Age (1) 31.7 (6.71)
Body weight (kg) 71.26 (11.83)
BMI (kg/m?) 23.81 (3.06)
HoAsc (%) 5.20 (0.25)
Fasting plasma glucose (mmol/) nd.
Fasting plasma insulin (pmol/) nd.
HOMA-IR nd.
IS (composite) nd.
Triglycerides (mmol/L) 0.868 (0.406)
HDL cholesterol (mmol/L) 1.375 (0.275)
LDL cholesterol (mmol/L) 3.116 (0.814)
Glycine normalized to hematocrit 887.6 (257.56)
Oysteine-T normalized to hematocrit 319.8 (48.41)
Glycine in plasma (M) 271.6 (92.9)
Cysteine-T in plasma (M) 276 (26.86)
GSH-T normalized to hematocrit (mg/L) 938.1 (146.51)
GSH-F: GSSG normalized to hematocrit 15.26 (3.24)
MDA (umol/L) 0.136 (0.018)

Median [IQR]
G-reactive protein (mg/L) 0.4 [0.725)

Older adults

Count (F/M)
117 (64/53)
Mean (sd)
65.5 (4.49)
83.5 (10.45)
28.89 (2.79)
5.66 (0.28)
5.61(0.49)
927 (65.72)
2.34(0.14)
118.2 (6.16)
1.284 (0.544)
1.508 (0.365)
3.759 (0.920)
808.3 (219.67)
415.4 (76)
220.4 (61.67)
314.8 (33.54)
921.5 (205.34)
11.78 (4.69)
0.158 (0.019)
Median [IGR]
16(1.9)

P (young vs older)

< 0.0001
< 0.0001
< 0.0001

0.002
0.151
0.002
0.148
<0.0001
0.01
<0.0001
0.73
0.002
<0.0001

<0.0001

Means are compared using parametric t statistics and median using nonparametric Wilcoxon/Mann-Whitney tests. Cysteine-T, total cysteine disulfides; GSH-T, total glutathione; GSH-F,

free reduced glutathione: ISI, insulin sensitivity index: MDA, malondialdehyde.
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Baseline End of study
Pre-dose Post-dose P Pre-dose Post-dose P
8368 (819.9,950.1) 8789 (8127,9506) 0678  9035(835.4,977.2) 9257 (855.9,1001.1)  0.443
802.8 (826.6,964.3) 8929 (8267,964.4)  0.896  947.7 (8766, 1014.6) 9212 (852.1, 996) o182
8747 (8109,9435) 8387 (777.7,9048) 0106  907.7 (841.1, 979.5) 925.7 (857.8,9989)  0.685
927.7 (860.1,1000.7)  922.1 (8548, 994.6)  0.866  950.6(889.7,1035.1)  937.8 (869, 1011.9)  0.380
7137 (649.0,7849)  T17.3(6525,7834) 0904  739.8(673.0, 8132) 760.8 (692.2,836.3)  0.434
7255 (661.1,796.1) 7432 (677.2,8156) 0428  787.1(716.5,864.7) 7726 (702.8,848.1)  0.301
605.1 (634.4, 7616) 6844 (6246, 749.8) 0372  736.7 (672.1, 807.5) 7685 (701.1,842.4)  0.284
7459 (680.8, 817.3)  758.1(6919,830.7) 0609  788.5(719.7, 864.0) 777.9(709.4,853.1)  0.654
10.68 (8.88, 12.86) 11.95(0.94,1436) 0645 1249 (10.39, 15.01) 12.38 (103, 14.87) 0674
11.79 (0.84, 14.19) 136(11.35,1629) 0510 1353 (11.26, 16.26) 1429 (11.9,17.17) 0765
1047 (8.52, 12.15) 1215 (10.18, 1452 0.274 11.34 (9.49, 13.57) 1351 (113, 16.15) 0.157
11.06 (9.26, 13.21) 12.75 (10,67, 1522)  0.462 12.65 (10.59, 15.1) 12.93 (108, 15.48)  0.941

0.528
0.045
0.200
0.237

0.279
0.014
0.070
0.080

0.040
0.068
0.138
0.085

0.276
0.502
0.739

Values for GSH-T and GSH-F:GSSG were normalized to hematocrit and expressed as LS-Means in mg/L per % of hematocrit with 95% Confidence Interval. GSH-T, total glutathione;
GSH-F, free reduced glutathione; GSSG, oxidized glutathione; P* = p-value pre-dose vs. post-dose, P° = p-value for change from baseline to end of study at pre-dose, P° = p-value end of
study & pre~doss comparing placebo ve. acive doge group.
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