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A B S T R A C T   

Lower circulating levels of glycine are consistently reported in association with cardiovascular disease (CVD), but 
the causative role and therapeutic potential of glycine in atherosclerosis, the underlying cause of most CVDs, 
remain to be established. Here, following the identification of reduced circulating glycine in patients with sig-
nificant coronary artery disease (sCAD), we investigated a causative role of glycine in atherosclerosis by 
modulating glycine availability in atheroprone mice. We further evaluated the atheroprotective potential of DT- 
109, a recently identified glycine-based compound with dual lipid/glucose-lowering properties. Glycine defi-
ciency enhanced, while glycine supplementation attenuated, atherosclerosis development in apolipoprotein E- 
deficient (Apoe− /− ) mice. DT-109 treatment showed the most significant atheroprotective effects and lowered 
atherosclerosis in the whole aortic tree and aortic sinus concomitant with reduced superoxide. In Apoe− /− mice 
with established atherosclerosis, DT-109 treatment significantly reduced atherosclerosis and aortic superoxide 
independent of lipid-lowering effects. Targeted metabolomics and kinetics studies revealed that DT-109 induces 
glutathione formation in mononuclear cells. In bone marrow-derived macrophages (BMDMs), glycine and DT- 
109 attenuated superoxide formation induced by glycine deficiency. This was abolished in BMDMs from 
glutamate-cysteine ligase modifier subunit-deficient (Gclm− /-) mice in which glutathione biosynthesis is 
impaired. Metabolic flux and carbon tracing experiments revealed that glycine deficiency inhibits glutathione 
formation in BMDMs while glycine-based treatment induces de novo glutathione biosynthesis. Through a com-
bination of studies in patients with CAD, in vivo studies using atherosclerotic mice and in vitro studies using 
macrophages, we demonstrated a causative role of glycine in atherosclerosis and identified glycine-based 
treatment as an approach to mitigate atherosclerosis through antioxidant effects mediated by induction of 
glutathione biosynthesis.  
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1. Introduction 

Glycine, the simplest among the 20 natural amino acids, can be 
synthesized endogenously and is thus classified as a nonessential amino 
acid. However, previous studies indicate that glycine synthesis may be 
insufficient to meet the organism’s metabolic needs, suggesting that 
glycine is a conditionally essential amino acid [1–3]. Glycine has mul-
tiple biological and physiological roles and is necessary for the synthesis 
of essential molecules such as purines [4], heme [5], creatine [6], and 
glutathione [7,8]. Lower circulating levels of glycine are consistently 
reported in association with various cardiometabolic diseases including 
obesity [9], type 2 diabetes (T2D) [10], metabolic syndrome [11], 
non-alcoholic fatty liver disease (NAFLD) [7,8,12], acute myocardial 
infarction [13], and coronary heart disease [14]. We and others 
demonstrated that low glycine availability is a limiting factor for 
glutathione biosynthesis, which is restored by glycine supplementation, 
leading to lower oxidant damage in NAFLD and T2D [7,8,15]. While 
potential mechanisms by which glycine protects against NAFLD and T2D 
have been identified [7,8,15–18], the causative role and therapeutic 
potential of glycine in atherosclerosis, the underlying cause of most 
CVDs [19], remain to be established. 

Atherosclerosis is a chronic disease of the arteries arising from 
imbalanced lipid metabolism, maladaptive immune response and dys-
regulated redox homeostasis [19–21]. Atherosclerosis develops in 
response to the biologic effects of underlying risk factors, including 
dyslipidemia, T2D, obesity and NAFLD [22,23]. Reductions in those risk 
factors significantly lowers the risk of cardiovascular events and death 
[24]. Specifically, current treatment guidelines focus on reduction of 
circulating cholesterol, particularly low-density lipoprotein cholesterol 
(LDL-C), due to its well-established role in atherosclerotic cardiovascu-
lar disease (CVD) [22,25]. However, despite remarkable advances in 
LDL-C-lowering drugs, numerous clinical trials of statins, non-statins, 
and combination therapies have shown persistent residual risk of 
atherosclerotic CVD [25], which remains a leading cause of death 
worldwide [22]. This is likely due to lack of influence or detrimental 
effects of current cholesterol-lowering therapies on cardiometabolic risk 
factors beyond LDL-C [26]. For instance, while markedly lowering 
LDL-C, statin therapy enhances the risk of new-onset T2D, increases 
body weight, and has no clear benefit in NAFLD [27,28]. Therefore, 
identification of new metabolic pathways that can be targeted for the 
treatment of atherosclerosis without increasing, and preferably while 
decreasing, other cardiometabolic risk factors, is of great significance in 
the effort to reduce CVD burden [26]. Considering consistent reports 
linking lower circulating glycine with various cardiometabolic diseases 
and its protective effects in NAFLD and T2D [9–18], there is strong 
rationale to evaluate the causative role and therapeutic potential of 
glycine in atherosclerosis. 

In line with epidemiological evidence linking higher circulating 
glycine levels with a favorable lipid profile [13], we and others 
demonstrated that dietary and genetic approaches to limit glycine 
availability increase, while glycine supplementation decreases, hyper-
lipidemia and lipid accumulation [8,17,29–32]. Although those previ-
ous reports suggest a potential atheroprotective role of glycine, its direct 
effect on atherosclerosis remain unknown. Furthermore, it is unclear 
whether the potential atheroprotective effects of glycine are mediated 
through lipid-lowering effects or other underlying mechanisms. Here, 
motivated by the identification of reduced circulating glycine in patients 
with significant coronary artery disease (sCAD), we studied a causative 
role of glycine in atherosclerosis and evaluated the atheroprotective 
potential of DT-109, a recently identified glycine-based compound that 
ameliorates NAFLD [8]. Utilizing dietary approaches to manipulate 
glycine availability in apolipoprotein E-deficient (Apoe− /− ) mice com-
bined with metabolic flux studies in isolated macrophages, we demon-
strated a causative role of glycine in atherosclerosis and identified a 
glycine-based treatment to mitigate atherosclerosis through antioxi-
dant effects mediated by induction of de novo glutathione biosynthesis, 

independent of lipid-lowering effects. 

2. Materials and methods 

2.1. Clinical study 

The study included patients that presented with acute chest pain 
suspected to be of cardiac origin, as we recently described [30]. The 
patients were admitted to the chest pain unit in the Department of In-
ternal Medicine E, Rambam Health Care Campus, Haifa, Israel. The 
study was approved by the local Institutional Review Board (protocol 
0373-18-RMB, Clinical Trial Registration: NCT03646019). All partici-
pants gave informed consent. Exclusion criteria included a prior diag-
nosis of CAD, allergy to iodine contrast agents, contraindication for 
radiations, asthma exacerbation, current use of steroids or other 
immunomodulating drugs, renal insufficiency (creatinine level ≥1.5 
mg/dl), fever during the last 48 h prior to admission, concomitant in-
flammatory diseases (infections, autoimmune disorders, kidney and 
liver diseases, and recent major surgical procedure), valvular, myocar-
dial or pericardial diseases and poor quality of computed tomography 
(CT) image due to motion artifacts or inappropriate contrast delivery 
resulting in non-diagnostic image quality. Ninety-five patients met the 
above criteria and underwent coronary computed tomography angiog-
raphy (CCTA) to assess atherosclerosis in their coronary arteries. The 
patients were divided in groups with sCAD (coronary artery stenosis 
˃49%, n = 24) or without sCAD (coronary artery stenosis ≤49%, n =
71). Calcium scoring was determined by the Agatston method [33]. 
Blood samples were obtained following a 10 h overnight fast. Serum 
biochemical analyses were performed by technicians blinded to the 
groups. Demographics, drug use and biochemical parameters of patients 
with or without sCAD are detailed in Supplemental Table 1. To control 
for potential confounding factors, we applied case-control matching and 
randomization (IBM SPSS software version 23.0). Twenty-four age-, 
sex-, and blood pressure-matched patients that were found to have no 
sCAD were randomly assigned as controls. 

2.2. Animal studies 

Animal procedures were approved by the Institutional Animal Care 
& Use Committees of the University of Michigan (PRO00008239) and 
Louisiana State University Health Sciences Center-Shreveport, Shreve-
port (P-21-043). All studies were performed in accordance with the 
institutional guidelines. Apoe− /− mice (B6.129P2-Apoetm1Unc/J, stock: 
002052) and C57BL/6J (stock: 000664) were purchased from Jackson 
Laboratories. Glutamate-cysteine ligase modifier subunit-deficient 
(Gclm− /− ) mice, a gift from Dr. Terrance Kavanagh [34,35], were bred 
and housed at the Animal Resource Facility of Louisiana State University 
Health Sciences Center-Shreveport. For atherosclerosis studies, 
eight-week-old male Apoe− /− mice were fed ad libitum either an amino 
acid (AA)-defined Western diet (Envigo-Teklad, 42% fat, 0.2% choles-
terol) with glycine (WDAA + Gly, TD.170525) or without glycine (WDAA 
-Gly, TD.170526), as we previously described [8], a standard Western 
diet (WD, Envigo-Teklad TD.88137, 42% fat, 0.2% cholesterol) or a 
low-fat standard diet (SD, LabDiet 5L0D, 13% fat). Eight-week old male 
C57BL/6J mice were used for glutathione kinetics studies. When indi-
cated, mice were orally administered (gavage) glycine, leucine (Sig-
ma-Aldrich G5417 and L8912, respectively) or DT-109 (Beijing SL 
Pharmaceutical) at 0.17–1 mg/g body weight per day or H2O as control, 
as we previously described [8]. Bone marrow derived macrophages 
(BMDMs) were isolated from C57BL/6J and Gclm− /− mice as described 
below. 

2.3. Targeted metabolomics and plasma analyses 

Circulating glycine levels were measured in serum samples from 
patients with and without sCAD by investigators blinded to the study 
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groups as we previously described [8,30]. Briefly, liquid chromatog-
raphy (LC)-mass spectrometry (MS)/MS was used to measure serum 
amino acids using isotope-labeled amino acids (MSK-CAA-1, Cambridge 
Isotopes Laboratory) as internal standard. The LC-MS/MS analysis was 
performed using a Shimadzu LC-20AD HPLC system (Shimadzu Corpo-
ration) coupled in-line to an AB Sciex QTrap 5500 system (Applied 
Biosystems) equipped with an electrospray ionization source. Chro-
matographic separation was conducted on an Agilent Poroshell 120 
EC-C18 column (50 mm × 2.1 mm I.D., 2.7 μm; Agilent) at a flow rate of 
0.4 mL/min. The mobile phase consisted of water (A) and acetonitrile 
containing 0.1% (v/v) formic acid (B). The mass spectrometer was 
operated in positive ionization mode with multiple reaction monitoring 
(MRM). Analyst version 1.6.2 software (Applied Biosystems) was used 
for data acquisition and analysis. In mice, blood glucose levels were 
measured using glucometer and test strips (Contour Next). Plasma 
samples were analyzed for total cholesterol (TC) and triglycerides (TG) 
using the Wako Cholesterol E kit (999-02601, FUJIFILM medical sys-
tem) and LabAssay Triglyceride kit (290-63701, FUJIFILM medical 
system). 

2.4. Analysis of atherosclerosis in mice 

Analyses of atherosclerosis in the aortic sinus and whole aortic tree 
were performed as we previously described [30,36]. All analyses were 
conducted in accordance with the American Heart Association recom-
mendations for experimental atherosclerosis studies [37]. For analysis of 
atherosclerosis in the aortic sinus, formalin-fixed samples were cry-
oprotected in 20% sucrose at 4 ◦C overnight, blotted, then liquid 
nitrogen-snap frozen in O.C.T. Compound (Tissue-Tek) and stored at 
− 80 ◦C until cryo-sectioning. Prior to sectioning, frozen blocks were 
brought up to approximately − 20 ◦C, then sectioned at 5 μm on a Leica 
Cryostat (CM3050S). Slides were stored at − 80 ◦C until stained. Prior to 
staining, the slides were thawed to room temperature for 30 min and 
then stained for H&E staining with Harris hematoxylin (ThermoFisher 
Scientific), rinsed in tap water and treated with Clarifier (ThermoFisher 
Scientific). Slides were then rinsed in tap water and the nuclei were 
counter stained with bluing reagent (ThermoFisher Scientific), rinsed in 
70% ethanol, stained with eosin Y, alcoholic (ThermoFisher Scientific), 
then dehydrated and cleared through graded alcohols and xylene and 
mounted with Micromount (Leica 3801731) using a Leica CV5030 
automatic coverslipper. For dihydroethidium (DHE) immunofluores-
cence, slides were rinsed for 2 min with PBS (x3) and then stained with 5 
μM DHE (Sigma-Aldrich D7008) at 37 ◦C for 30 min in the dark. After 
washing with PBS (x3), the slides were mounted with ProLong™ Gold 
Antifade Mountant with DAPI (Invitrogen P36935), and images were 
captured using an Olympus DP73 microscope. The atherosclerotic pla-
que area and DHE fluorescence at the three valve leaflets were quanti-
fied using ImageJ software (NIH). En face atherosclerosis was performed 
as we previously described [30,36]. The entire length of the aorta from 
the heart to the iliac bifurcation was removed. After clearing the 
adventitial tissue, aortas were stained with oil red O (ORO), opened 
longitudinally and pinned flat onto a dark wax plate. The percentage of 
ORO positive area was calculated using ImageJ (National Institutes of 
Health, NIFH). 

2.5. Analysis of glutathione in tissues 

Eight-week-old male C57BL/6J mice were orally administered DT- 
109 (0.5 mg/g). Mouse blood mononuclear cells were isolated at base-
line, before DT-109 administration (0 h), and after 2, 6 and 24 h using 
Ficoll-Paque PREMIUM 1.084 (Sigma-Aldrich GE17-5446-02) in accor-
dance with the manufacturer’s instructions. Briefly, heparinized blood 
samples were diluted with equal volume of DPBS and carefully com-
bined with the Ficoll-Paque media solution in a 15-mL centrifuge tube. 
The tubes were centrifuged at 400 g for 30 min (20 ◦C). The mono-
nuclear cell layer was collected and washed twice with DPBS to remove 

residual plasma. To quantitate reduced glutathione (GSH) and oxidized 
glutathione (GSSG), mononuclear cells were lysed via ultrasound and 
diluted 1:20 in PBS. 180 μL of methanol containing 25 nM internal 
standard was added to 50 μL of diluted samples. The mixture was vor-
texed for 10 min for protein precipitation. The extracts were centrifuged 
at 3,500 rpm for 10 min, and 200 μL of supernatant was transferred to a 
96-well plate. The supernatant was evaporated using a vacuum 
concentrator (SpeedVac DNA 130) for 4 h at 35 ◦C. The dry extracts were 
reconstituted in 80 μL water, vortexed for 10 min and centrifuged at 
3,500 rpm for 10 min at 4 ◦C. Supernatants were then transferred to 
autosampler vials for LC-MS/MS analysis. Mouse hearts and aortas were 
isolated at baseline, before DT-109 administration (0 h), and after 2, 6, 
and 24 h. An aliquot of 50 μL of tissue samples were added to a 100 μL 
aliquot of acetonitrile containing 50 nM CE 302 and 50 μL of acetoni-
trile. The mixture was vortex-mixed for 10 min and centrifuged at 3,500 
rpm for 10 min at 4 ◦C. A 10 μL aliquot of the resulting supernatant was 
injected into the LC-MS/MS system for analysis. The analytical curve for 
GSH and GSSG quantification was constructed with 10 nonzero stan-
dards by plotting the peak area ratio of analyte to the internal standard 
versus the sample concentration, using PBS as a solvent. The concen-
tration ranges from 1 to 1000 ng/mL. A blank sample (matrix sample 
processed without internal standard) was used to exclude contamination 
or interference. 

2.6. Bone marrow derived macrophages (BMDMs) 

BMDMs were obtained as we previously described [30,38], with 
minor modifications. Briefly, bone marrow was flushed from the femurs 
and tibias of 8–10-week-old C57BL/6J, Gclm+/+ and Gclm− /− mice using 
PBS and a 26G needle. Cells were filtered through a 70 μm cell strainer 
and plated onto 10 cm petri dishes. Cells were maintained in growth 
medium containing Dulbecco’s Modified Eagle’s Medium (DMEM, 
Genesee #25-501), 20% FBS (Gibco), 1% penicillin/streptomycin 
(Genesee #25-512), 1 mM sodium pyruvate (Corning #25-000-C1), and 
5 ng/mL murine m-CSF (Peprotech 315-02-50UG). After 3-4 days the 
media was completely replaced with fresh growth media. Adherent 
macrophages were lifted from the plate using 10 mM ETDA in PBS and 
scraping and seeded in cell culture plates for experiments. 

2.7. Protein extraction and Western blot 

Immunoblotting was performed as we previously described [39]. For 
protein analysis, BMDMs were plated onto 6-well plates at 1 × 106 cells 
per well. Cells were lysed in 2× Laemmli buffer (Bio-Rad #1610737) 
and heat-denatured at 95 ◦C for 10 min. Lysates were normalized to total 
protein using Pierce 660 Protein Assay reagent (Thermo Fisher #22660) 
and alpha-cyclodextrin (Fisher #C077610G) and adjusted for equal 
protein loading. Samples were separated by gel electrophoresis using 
10% TGX Stain-Free FastCast Acrylamide gels (Bio-Rad #1610182) and 
transferred to nitrocellulose membranes (Bio-Rad #1704158). Mem-
branes were incubated overnight with either rabbit anti-GCLM (1:1000, 
Proteintech #14241-1-AP) or mouse anti-GAPDH antibody (1:5000, 
Santa Cruz Biotechnology #sc-365062). Primary antibodies were 
labeled with IRDye-conjugated secondary antibodies (1:10,000, LI-COR 
Biosciences #926-32212 or #926-68073). Secondary antibodies were 
visualized with an Odyssey Fc Imaging System (LI-COR Biosciences) and 
analyzed using LI-COR Imaging Studio Software version 1.0.37. 

2.8. Superoxide analysis 

BMDMs were plated onto either 8-well chamber slides (Thermo 
Fisher #177402 PK) at 1.5 × 105 cells per well or glass-bottom 96 well 
plates (Cellvis #P96-0-N) at 4 × 104 per well. Cells were allowed to 
adhere overnight in growth medium, then media was replaced with 
metabolic medium containing Earl’s Balanced Salt Solution (EBSS, 
Gibco #24010-043), 1× MEM amino acids solution (Gibco #11140- 
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050), 1× MEM vitamins solution (Fisher #11-120-052), 0.25 mM L- 
Serine (Fisher #AAA1117914), 1 mg/L glutathione (Fisher 
#ICN10181405), 0.3 ng/mL ammonium metavanadate (Fisher 
#AC194910500), 0.25 nM manganese chloride (Sigma #M3634), 2.5 
μg/mL L-ascorbic acid (Fisher #AAA1561318), 1× ITS liquid media 
supplement (Sigma #I3146), and 2.5% heat-inactivated FBS (Gibco). 
Metabolic media was either supplemented with water control (glycine- 
depleted), 1 mM glycine, or 1 mM DT-109 [8]. BMDMs were maintained 
in metabolic medium with supplements for 18 h. Cells were then rinsed 
3 times with warmed HBSS (Fisher #21-021-CV) and DHE was added at 
5 μM for 30 min at 37 ◦C. Nuclei were stained with Hoechst (1:20,000 
dilution, Fisher #0062249) during this time. After rinsing 3 times with 
warmed HBSS, the cells were visualized using a Keyence BZ-X800 
fluorescence microscope and analyzed with the Keyence BZ-X800 
Analyzer software version 1.1.2.4. During imaging, cells were main-
tained at 37 ◦C and 5% CO2 with a Tokai Hit Stage Top Incubator. DHE 
fluorescence was normalized to total number of Hoechst per high 
powered field. At least 3 images per treatment were taken. 

2.9. Metabolic flux and carbon tracing 

BMDMs were incubated in glycine-deprived metabolic medium as 
described above. After 24 h, the medium was replaced with fresh 
metabolic medium enriched with 1 mM U–13C5 labeled glutamine 
(Cambridge Isotope Laboratories Inc.) for 5 h in the presence or absence 
of 1 mM glycine or 1 mM DT-109. Metabolite extraction from the cells 
and LC-MS analysis were performed as we previously described [8]. 
TraceFinder™ 4.1 (ThermoFisher Scientific) was used for analysis. Peak 
areas of metabolites were determined using the exact mass of the singly 
charged ions. The retention time of metabolites was predetermined on 
the pHILIC column (Merck) by analyzing an in-house mass spectrometry 
metabolite library consisting of commercially available standards. For 
data normalization, raw data files were processed with Compound 
Discoverer 3.0 (ThermoFisher Scientific) to obtain total compound’s 
peak area for each sample. Metabolite peak area was normalized to total 
measurable ions in the sample. Data ware visualized using Metabolite 
Autoplotter as we previously described [8]. 

2.10. RNA preparation and RT-qPCR analysis 

Total RNA from mouse liver samples was extracted using Trizol re-
agent (ThermoFisher Scientific 15596026) and purified with QIAGEN’s 
RNeasy kit (QIAGEN 74106) as we previously described [8,30]. RNA 
was reverse-transcribed into cDNA with SuperScript III and random 
primers (Thermo Fisher Scientific 18080051). Specific transcript levels 
were assessed by a real-time PCR system (Bio-Rad CFX96) using iQ SYBR 
Green Supermix (Bio-Rad 1708882) and the ΔΔCt threshold cycle 
method of normalization. Gene expression levels were normalized to 

(caption on next column) 

Fig. 1. Circulating glycine is decreased in patients with significant coro-
nary artery disease and glycine deprivation enhances atherosclerosis in 
Apoe− /− mice. (A) Patients with acute chest pain suspected to be of cardiac 
origin underwent coronary computed tomography angiography (CCTA) to 
assess atherosclerosis in the coronary arteries (n = 95). Twenty-four patients 
were found to have significant coronary artery disease (sCAD) and 71 patients 
were found to have no sCAD. Representative CCTA with curved multiplanner 
reconstruction and 3D volume rendering from patients with and without sCAD 
are shown. Significant coronary artery stenosis is indicated by yellow arrows. 
Serum glycine concentrations were analyzed by LC-MS/MS (B) in all patients, 
and (C) in 24 age-, sex-, and blood pressure-matched patients with or without 
sCAD. (D–E) Apoe− /− mice were fed an amino acid-defined Western diet with 
glycine (WDAA + Gly) or without glycine (WDAA -Gly) for 10 weeks. Athero-
sclerotic plaque area in the aortic sinus was analyzed (n = 6–7, scale bar: 200 
μm). Data are presented as violin plots or as mean ± SEM showing all points. 
Statistical differences were compared using unpaired t-test or Mann-Whitney U 
t-test. 
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Fig. 2. Glycine-based treatment reduces atherosclerotic plaque size and superoxide. (A) Apoe− /− mice were fed a Western diet (WD) for 12 weeks and orally 
administered water supplemented with DT-109 (1 mg/g body weight/day) or equivalent levels of leucine (Leu, 0.33 mg/g body weight/day), glycine (Gly, 0.66 mg/g 
body weight/day) or water control (H2O). (B–C) Atherosclerotic plaques in the aortic sinus were analyzed for plaque area using H&E (n = 8, scale bar: 200 μm). 
(D–E) Whole aortas were stained en face with oil red O (ORO) and plaque area was expressed as a percentage of the total aorta area (n = 6–8). (F) Livers were 
collected at endpoint and analyzed for glutathione metabolic genes. Expression of Gss (glutathione synthetase), Gclm/c (glutamate-cysteine ligase modifier and 
catalytic subunits, respectively), Gsr (glutathione disulfide reductase), Gpx3/6 (glutathione peroxidase 3 and 6, respectively), and Gstt2 (glutathione S-transferase 
theta 2) was normalized to Gapdh and expressed as fold change from WD with water (H2O) treatment (n = 8). (G–H) Aortic sinuses were analyzed for superoxide 
using dihydroethidieum (DHE, red) with a nuclear counterstain (DAPI, blue). DHE fluorescence for each treatment was expressed as fold change from WD with H2O 
treatment (n = 8, scale bar: 200 μm). Data are presented as mean ± SEM showing all points. Statistical differences were compared using one-way ANOVA with 
Tukey’s post hoc analysis or Kruskal-Wallis test followed by Dunn’s post-hoc analysis. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

O. Rom et al.                                                                                                                                                                                                                                    



Redox Biology 52 (2022) 102313

6

glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Primer pairs used 
for RT-qPCR were obtained from Integrated DNA Technologies and are 
listed in Supplemental Table 2. 

2.11. Statistical analyses 

Statistical analyses were performed using GraphPad Prism version 
8.0. For the clinical study, case-control matching and randomization 
was performed using IBM SPSS software version 23.0. All data were 

tested for normality using the Shapiro-Wilk test. If passed, Student’s t- 
test was used to compare two groups and one-way ANOVA followed by 
Tukey post-hoc test for comparisons among >2 groups. Otherwise, 
nonparametric tests (Mann-Whitney U test or Kruskal-Wallis test fol-
lowed by Dunn’s post-hoc test) were used. Differences between cate-
gorical variables were tested using Fisher’s exact test. Data are presented 
as mean ± SEM and p < 0.05 was considered statistically significant. 

Fig. 3. Glycine-based intervention reduces atherosclerosis independent of lipid-lowering effects. (A) Apoe− /- mice were fed a Western diet for 12 weeks to 
develop atherosclerosis (baseline), then placed onto standard diet (SD) for additional 8 weeks with oral administration of water supplemented with DT-109 (0.5 mg/g 
body weight/day) or equivalent levels of leucine (Leu, 0.17 mg/g body weight/day), glycine (Gly, 0.33 mg/g body weight/day) or water control (H2O). (B) Plasma 
total cholesterol (TC), and (C) plasma triglycerides (TG) at endpoint (n = 8). (D–E) Atherosclerotic plaques in the aortic sinus were analyzed for plaque area using 
H&E (n = 8, scale bar: 200 μm). (F–G) Whole aortas were stained en face with oil red O (ORO) and plaque area was expressed as a percentage of the total aorta area 
(n = 8). Data are presented as mean ± SEM showing all points. Statistical differences were compared using one-way ANOVA with Tukey’s post hoc analysis. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3. Results 

3.1. Circulating glycine is decreased in patients with significant coronary 
artery disease and glycine deprivation enhances atherosclerosis in mice 

To determine whether circulating glycine levels are altered in pa-
tients with atherosclerosis, we used LC-MS/MS to measure glycine 
concentrations in serum samples from patients with significant coronary 

artery disease (sCAD) compared to those with no sCAD. Among 95 pa-
tients that met the inclusion and exclusion criteria of the clinical study 
and underwent CCTA to assess atherosclerosis in their coronary arteries 
(Fig. 1A), 24 patients were found to have sCAD. As detailed in Supple-
mental Table 1, patients with sCAD had a significantly higher calcium 
score (p˂0.0001), a well-established feature of coronary atherosclerosis 
[33], were significantly older (p = 0.0193), included more males (p =
0.0228), and showed a trend toward increased systolic blood pressure 

Fig. 4. Glycine-based intervention reduces plaque superoxide and enhances GSH formation in mononuclear cells. Apoe− /- mice were fed a Western diet for 
12 weeks to develop atherosclerosis (baseline), then placed onto standard diet (SD) for additional 8 weeks with oral administration of water supplemented with DT- 
109 (0.5 mg/g body weight/day) or equivalent levels of leucine (Leu, 0.17 mg/g body weight/day), glycine (Gly, 0.33 mg/g body weight/day) or water control 
(H2O). (A) Livers were collected at endpoint and analyzed for glutathione metabolic genes. Expression of Gss (glutathione synthetase), Gclm/c (glutamate-cysteine 
ligase modifier and catalytic subunits, respectively), Gsr (glutathione disulfide reductase), Gpx6 (glutathione peroxidase 6), and Gstt2/3 (glutathione S-transferase 
theta 2 and 3, respectively) was normalized to Gapdh and expressed as fold change from SD with water (H2O) treatment (n = 8). (B–C) Aortic sinuses were analyzed 
for superoxide using dihydroethidieum (DHE, red) with a nuclear counterstain (DAPI, blue). DHE fluorescence for each treatment was expressed as fold change from 
WD with H2O treatment (n = 8, scale bar: 200 μm). (D–F) C57BL/6J mice were orally administered DT-109 (0.5 mg/g body weight). At baseline (0 h), 2, 6, and 24 h, 
blood was collected and mononuclear cells were isolated. GSH and GSSG in mononuclear cells were analyzed using LC-MS/MS and expressed as concentrations 
(mmol/L) or GSH:GSSG ratio relative to baseline (n = 5). Data are presented as mean ± SEM. Statistical differences were compared using one-way ANOVA with 
Tukey’s post hoc analysis or Kruskal-Wallis test followed by Dunn’s post-hoc analysis. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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(p = 0.0642). Other parameters including comorbidities, drug use and 
serum lipid levels were comparable between the groups. Without ac-
counting for the above potential confounders, we found that serum 
glycine concentrations were significantly lower (p˂0.05) in patients 
with sCAD compared to those with no sCAD (Fig. 1B). To control for 
potential confounding factors, we applied case-control matching and 
randomization and compared serum glycine concentrations in age-, sex-, 
and blood pressure-matched patients (Supplemental Fig. 1). Decreased 
glycine concentrations in serum samples from patients with sCAD 
remained significant when controlling for potential confounding factors 
(p˂0.01, Fig. 1C). Our findings, together with previous reports indi-
cating higher circulating glycine as a protective factor in coronary heart 
disease [14], led us to evaluate a causative role of glycine in athero-
sclerosis. To investigate a direct role of glycine in atherosclerosis, we 
assessed atherosclerotic plaques in the aortic sinus from Apoe− /- mice 
fed an amino acid (AA)-defined Western diet (WD) with or without 
glycine (WDAA + Gly or WDAA -Gly, respectively) for 10 weeks. We 
recently reported that Apoe− /- mice fed the WDAA -Gly had increased 
plasma total cholesterol (TC) and hepatic steatosis without significant 
changes in food intake [8]. Here, we found that dietary glycine defi-
ciency resulted in a significant increase in plaque area in the aortic sinus 
(by 81.8%, p˂0.05, Fig. 1D and E). Thus, our clinical studies revealed 
that circulating glycine is decreased in patients with sCAD, while our 
mouse studies demonstrated a causative role of low glycine availability 
in promoting atherosclerosis. 

3.2. Glycine-based treatment reduces atherosclerotic plaque size and 
superoxide 

Considering our findings above together with previous reports [14], 
we reasoned that glycine-based treatment may have atheroprotective 
effects. By searching for glycine-based compounds with dual 
lipid/glucose-lowering effects, we recently identified a tripeptide of 
glycine combined with leucine (Gly-Gly-L-Leu, DT-109) that signifi-
cantly reduced WD-induced hypercholesterolemia and hepatic steatosis 
in Apoe− /− mice independent of changes in food intake or body weight 
[8]. Apoe− /- mice were fed a WD and orally administered DT-109 (1 
mg/g body weight per day) or equivalent amounts of leucine, glycine, or 
H2O as control (Fig. 2A). In line with its cholesterol-lowering effects [8], 
we found that the expression of ATP binding cassette subfamily G 
member 5 (Abcg5) and 8 (Abcg8), which are known to promote 
hepatic-intestinal cholesterol excretion and reduce atherosclerosis [40, 
41], was significantly increased in livers from Apoe− /− mice treated with 
DT-109 (Supplemental Fig. 2). We next assessed atherosclerosis in the 
aortic sinus (Fig. 2B and C) and the whole aortic tree (Fig. 2D and E). 
While glycine administration significantly reduced the plaque area in 
the aortic sinus, DT-109 treatment showed the most significant athero-
protective effects and lowered the plaque area both in the aortic sinus 
and in the whole aortic tree (by 38.3% and 57.3%, respectively, p˂0.01). 
We recently reported that glycine-based treatment protects against 
advanced NAFLD through induction of glutathione biosynthetic path-
ways and antioxidant defense in the liver [8]. Accordingly, analyses of 
hepatic gene expression revealed that genes encoding for key regulators 
of glutathione biosynthesis and metabolism including glutathione syn-
thetase (Gss), glutamate-cysteine ligase modifer subunit (Gclm), gluta-
thione reductase (Gsr), glutathione peroxidase 3 (Gpx3), glutathione 
peroxidase 6 (Gpx6), and glutathione S-transferase, theta 2 (Gstt2) were 
upregulated by glycine-based treatment with the most significant effect 
found in Apoe− /− mice treated with DT-109 (Fig. 2F). To explore a link 
between glycine-based treatment, redox homeostasis and atheroscle-
rosis, we next used dihydroethidium (DHE) to evaluate superoxide, one 
of the major reactive oxygen species (ROS) known to promote athero-
sclerosis [21,30,42], in the aortic sinus. DHE fluorescence indicated a 
significant reduction of superoxide in the aortic sinus of Apoe− /− mice 
treated with DT-109 (by 40.2%, p˂0.05, Fig. 2G and H). Taken together, 
these findings indicate cholesterol-lowering and antioxidant properties 

of glycine-based treatment leading to reduced atherosclerosis in mice. 

3.3. Glycine-based intervention reduces atherosclerosis independent of 
lipid-lowering effects 

Considering the persistent residual risk of atherosclerotic CVD 
despite the common use of cholesterol-lowering drugs [22,25], we next 
sought to evaluate the atheroprotective potential of glycine-based 
treatment, independent of its previously reported lipid-lowering ef-
fects [8,17,29–32]. Therefore, we devised an experimental approach to 
model established atherosclerosis followed by a lipid-lowering regimen. 
Apoe− /− mice were fed a WD for 12 weeks and a subset of the mice were 
euthanized, confirming established atherosclerosis in the aortic sinus 
and the whole aortic tree (Supplemental Fig. 3A). After confirming 
atherosclerosis, the rest of the mice were switched from WD feeding to a 
low-fat standard diet (SD). The mice were then randomized to orally 
receive DT-109 at 0.5 mg/g per day [8] or equivalent amounts of 
leucine, glycine, or H2O for 8 additional weeks on the SD (Fig. 3A). 
Changing the feeding regimen from WD to SD significantly reduced 
hypercholesterolemia (Plasma TC, Fig. 3B) and hypertriglyceridemia 
(Plasma TG, Fig. 3C) as well as body weight (Supplemental Fig. 3B) and 
hyperglycemia (Supplemental Fig. 3C) without any differences between 
mice treated with DT-109, leucine, glycine, or H2O. Similar to WD-fed 
mice, Abcg5 and Abcg8 were upregulated in livers from mice treated 
with DT-109 during SD feeding. However, sterol regulatory element 
binding transcription factor 2 (Srebf2), the master regulator of choles-
terol biosynthetic genes [43], was significantly upregulated as well 
(Supplemental Fig. 4). Analysis of atherosclerosis in the aortic sinus 
revealed that DT-109 treatment led to a significant reduction in the 
plaque area (by 32.4%, p˂0.01, Fig. 3D and E). Furthermore, glycine and 
DT-109 significantly reduced the plaque area in the whole aortic tree 
with the most significant effect found in Apoe− /− mice treated with 
DT-109 (by 50.6%, p˂0.001, Fig. 3F and G). Altogether, these results 
indicate that glycine-based treatment reduces atherosclerosis indepen-
dent of lipid-lowering effects. 

3.4. Glycine-based intervention reduces plaque superoxide and enhances 
glutathione formation in mononuclear cells 

We next evaluated the antioxidant properties of glycine-based 
treatment during established atherosclerosis in the absence of lipid- 
lowering effects. First, we evaluated the effects of glycine-based treat-
ment on the expression of glutathione metabolic genes in the liver. In 
Apoe− /− mice with established atherosclerosis that were fed the SD, DT- 
109 treatment significantly increased the expression of Gstt2 and Gstt3 
(Fig. 4A). To evaluate antioxidant effects in the atherosclerotic plaque, 
we next assessed superoxide levels in the aortic sinus. DHE fluorescence 
indicated a significant reduction in superoxide in Apoe− /− mice treated 
with DT-109 while on the SD (by 37.5%, p˂0.01, Fig. 4B and C). To 
determine the direct contribution of DT-109 to glutathione formation in 
vivo we applied targeted metabolomics and kinetics studies to measure 
reduced glutathione (GSH) and oxidized glutathione (GSSG) following 
oral administration of DT-109 to mice. Blood, hearts and aortas were 
collected from mice at baseline and after 2, 6 and 24 h from oral 
administration of DT-109 (0.5 mg/g) for analyses of GSH and GSSG 
using LC-MS/MS (Fig. 4D). DT-109 treatment increased GSH formation 
in these tissues (Fig. 4E, Supplemental Fig. 5) and resulted in a time- 
dependent increase in the GSH/GSSG ratio in isolated mononuclear 
cells (Fig. 4F). These findings indicate that the atheroprotective and 
antioxidant properties of glycine-based treatment are independent of 
lipid-lowering effect and are related to enhanced GSH availability, 
which is known to play a major role in atherosclerosis initiation and 
progression in humans and mouse models [44–47]. 
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3.5. Glycine-based treatment decreases superoxide generation in 
macrophages through GSH 

Considering our findings above in mononuclear cells together with 
the well-established role of monocytes and macrophages in the patho-
genesis of atherosclerosis [20], we next evaluated the effects of glycine 
deprivation and glycine-based treatment on redox status in macro-
phages. In the absence of glycine or DT-109, BMDMs showed higher 
levels of superoxide assessed by DHE fluorescence, which was signifi-
cantly reduced in BMDMs treated with 1 mM [8] of glycine or DT-109 
(by 37.3%, p˂0.01, or 25.9%, p˂0.05, respectively, Fig. 5A and B). 
Loss- and gain-of-function of GSH synthesis in macrophages was shown 

to accelerate and inhibit atherosclerosis, respectively [46]. To determine 
whether the antioxidant effects of glycine-based treatment are mediated 
through induction of GSH formation, we next assessed superoxide in 
BMDMs isolated from Gclm− /- mice, in which glutathione biosynthesis is 
impaired [34,35,46] (Fig. 5C). We first confirmed the absence of GCLM 
in BMDMs isolated from Gclm− /- mice using Western blotting (Fig. 5D). 
Compared to BMDMs isolated from Gclm+/+ mice, BMDMs from 
Gclm− /− mice had enhanced superoxide as visualized with DHE fluo-
rescence (Supplemental Fig. 6); however, glycine-based treatment had 
no significant effects on superoxide levels in BMDMs from Gclm− /- mice 
(Fig. 5E and F). These experiments, combining glycine restriction and 
treatment with genetic inhibition of GSH formation, indicate that the 

Fig. 5. Glycine-based treatment decreases superoxide generation in macrophages through GSH formation. Bone marrow-derived macrophages (BMDMs) 
were treated with glycine-depleted metabolic media supplemented with water control, glycine (1 mM) or DT-109 (1 mM) for 18 h. (A) Following treatment, BMDMs 
were labeled with dihydroethidium (DHE, red) for assessment of superoxide and nuclei were stained using Hoechst (blue) (scale bar: 100 μm). (B) DHE fluorescence 
was measured as mean fluorescence intensity normalized to the number of nuclei per high powered field and expressed as fold change from water control (n = 3). (C) 
Schematic diagram illustrating the production of GSH by glutamate-cysteine ligase, with the addition of inhibitors (Gclm KO, glycine depletion) to enhance su-
peroxide production (γ-GC, γ-glutamylcysteine). (D) BMDMs were isolated from Gclm+/+ and Gclm− /- mice, and the absence of GCLM was confirmed by Western blot 
using GAPDH as loading control (n = 3). (E) Following 18 h treatment with glycine-depleted media supplemented with water control, glycine (1 mM) or DT-109 (1 
mM), superoxide was analyzed in BMDMs from Gclm− /- mice using DHE (scale bar: 100 μm). (F) DHE fluorescence was measured as mean fluorescence intensity 
normalized to the number of nuclei per high powered field and expressed as fold change from water control (n = 4). Data are presented as mean ± SEM showing all 
points. Statistical differences were compared using one-way ANOVA with Tukey’s post hoc analysis or Kruskal-Wallis test followed by Dunn’s post-hoc analysis. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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antioxidant effects of glycine-based treatment in macrophages are 
mediated through induction of GSH formation. 

3.6. Glycine-based treatment induces de novo GSH synthesis in 
macrophages 

To determine the direct contribution of glycine-based treatment to 
GSH synthesis in macrophages, we next performed metabolic flux and 
carbon tracing studies. BMDMs were treated with 13C5-labeled gluta-
mine in the absence or presence of glycine or DT-109. The incorporation 
of 13C5-glutamine generates a +5-mass shift (M+5) that is detected by 
LC-MS/MS and indicates de novo synthesized GSH (Fig. 6A). We first 
confirmed by LC-MS/MS lower glycine levels in BMDMs maintained in 
media without glycine or DT-109 as well as the cellular uptake of glycine 

and DT-109 in the treated BMDMs (Supplemental Fig. 7). Metabolites 
with different mass shifts due to 13C incorporation are called iso-
topologues. The cumulative levels of all isotopologues for each metab-
olite were measured to determine the total relative levels in the cells. In 
the absence of glycine or DT-109, the precursors of GSH, glutamine 
(Fig. 6B), glutamate (Fig. 6C), and particularly γ-glutamylcysteine and 
the M+5 isotopologue of γ-glutamylcysteine (Fig. 6D and E), were 
accumulated. Treatment with glycine or DT-109 (1 mM) significantly 
decreased the accumulation of GSH precursors in BMDMs (Fig. 6B–F), 
indicating a block in GSH synthesis that was released upon glycine- 
based treatment. Accordingly, GSH was significantly increased in 
BMDMs treated with glycine or DT-109 (Fig. 6F), particularly the M+5 
isotopologue of GSH (p˂0.0001, Fig. 6G), indicating de novo synthesis of 
GSH. These findings demonstrate that glycine-based treatment induces 

Fig. 6. Glycine-based treatment induces de novo 
GSH synthesis in macrophages. (A) Schematic 
representation of labeling de novo synthesized GSH 
from 13C5-labeled glutamine in BMDMs. BMDMs were 
treated with glycine-depleted media for 18 h, then 
incubated for 5 h with glycine-depleted media sup-
plemented with 13C5-labeled glutamine (1 mM) and 
water control (cont.), glycine (Gly, 1 mM), or DT-109 
(1 mM). Isotopologue distribution of indicated 
cellular metabolites as determined by LC-MS/MS (n 
= 5–6): (B) glutamine, (C) glutamate, (D) γ-gluta-
mylcysteine, (E) M+5 isotopologue of γ-gluta-
mylcysteine, (F) GSH, and (G) M+5 isotopologue of 
GSH. Metabolite peak area was normalized to total 
measurable ions in the sample. Data are presented as 
mean ± SEM. Statistical differences were compared 
using one-way ANOVA with Tukey’s post hoc 
analysis.   
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de novo GSH synthesis that protects macrophages from oxidant damage. 

4. Discussion 

Motivated by accumulating evidence linking lower circulating 
glycine with increased risk of CVD and related comorbidities [9–14], in 
the current study we evaluated 1) alterations in circulating glycine in 
patients with significant CAD (sCAD); 2) a causative role of glycine in 
atherosclerosis using dietary approaches to limit or increase glycine 
availability in Apoe− /- mice; 3) the therapeutic potential of 
glycine-based treatment (DT-109) in atherosclerosis; 4) the atheropro-
tective effects of glycine-based treatment independent of lipid-lowering 
effects; and 5) the antioxidant properties of glycine-based treatment in 
macrophages via induction of GSH biosynthesis through the use of ge-
netic approaches (Gclm− /- mice) combined with targeted metabolomics, 
metabolic flux and carbon tracing techniques. 

Including patients that underwent coronary computed tomography 
angiography (CCTA) to assess atherosclerosis in the coronary arteries, 
our clinical study revealed that circulating glycine levels are lower in 
patients with sCAD with or without accounting for potential con-
founding factors. These findings are in line with previous large-scale 
observational and genetic studies addressing the relationship between 
glycine and CVD. By studying a cohort of 4,109 participants that un-
derwent coronary angiography, Ding et al. [13] found that circulating 
glycine levels are inversely associated with the risk of acute myocardial 
infarction after adjusting for traditional CVD risk factors. Furthermore, 
Wittemans et al. [14] performed genetic estimates (based on 88,800 
cases with coronary heart disease and 485,266 controls) supported by 
observational analyses (based on 2,053 cases with coronary heart dis-
ease and 9,094 controls) and reported that low circulating glycine is 
associated with higher incidence of coronary heart disease. Our findings 
from patients with sCAD, together with the above genetic and obser-
vational studies indicating lower circulating glycine as a risk factor of 
CVD, led us to assess a causative role of glycine in atherosclerosis, the 
underlying cause of most CVDs [19]. 

To investigate a causative role of glycine in atherosclerosis, we 
applied a dietary approach to manipulate glycine availability in the 
Apoe− /- mouse model of atherosclerosis. We recently developed a 
Western diet (WD) deficient in glycine that enhanced hypercholester-
olemia and hepatic steatosis in Apoe− /- mice [8]. Similarly, a recent 
study demonstrated that a high-fat diet deficient in glycine and its main 
precursor, serine, enhanced hepatic lipid accumulation in mice [31]. In 
line with those studies reporting enhanced hyperlipidemia and hepatic 
lipid accumulation due to dietary glycine restriction, we found increased 
atherosclerosis in Apoe− /- mice fed a glycine-deficient WD. In contrast, 
studies from our group and others consistently demonstrated 
lipid-lowering effects of dietary glycine. We previously reported that 
oral glycine administration lowers plasma cholesterol and triglycerides 
as well as hepatic steatosis in Apoe− /- mice [8,29]. Other groups simi-
larly reported lipid-lowering effects of dietary glycine in plasma and 
liver using various rodent models [17,32,48]. The findings from animal 
studies are consistent with observational studies indicating that circu-
lating glycine is associated with a favorable lipid profile in humans [13]. 
Consistent with its previously reported lipid-lowering effects, in the 
current study we found that oral glycine administration lowers athero-
sclerosis in the aortic sinus of Apoe− /- mice. 

Based on consistent reports demonstrating lipid/glucose-lowering 
properties of glycine in humans [49,50] and animal models of car-
diometabolic diseases [8,17,29,48], we recently explored glycine-based 
compounds that may have a therapeutic potential through a dual 
lipid/glucose-lowering effect. We identified DT-109 [8,51], a tripeptide 
composed of glycine and leucine, the two most potent glucose-lowering 
amino acids [52]. In addition to glycine, studies from our group and 
others demonstrated lipid/glucose-lowering and atheroprotective po-
tential of leucine supplementation [53–56]. Recently, we reported that 
DT-109 treatment had the most potent cholesterol- and 

glucose-lowering effects in Apoe− /- mice on WD when compared to 
equivalent amounts of leucine and glycine [8]. Accordingly, in the 
current study, we found that DT-109 treatment had the most significant 
atheroprotective effects in Apoe− /- mice and lowered atherosclerosis in 
the whole aortic tree and the aortic sinus. These findings indicated 
DT-109 as a potential glycine-based treatment for atherosclerosis and 
warrant future evaluation of the potential additive effects of glycine and 
leucine [52]. Nevertheless, considering the persistent residual risk of 
atherosclerotic CVD despite the currently available and highly potent 
cholesterol-lowering drugs [22,25], it was crucial to evaluate the athe-
roprotective potential of DT-109 independent of its 
lipid/glucose-lowering properties. 

To enhance the translational value of the current study, we 1) tested 
a lower dose of DT-109 (0.5 mg/g body weight/day) which we previ-
ously found to ameliorate advanced NAFLD in mice [8], and 2) used an 
experimental approach to model established atherosclerosis followed by 
a lipid-lowering regimen. This approach allowed us to evaluate the 
atheroprotective potential of DT-109, independent of its 
lipid/glucose-lowering properties. Indeed, we found that DT-109 treat-
ment could not further decrease circulating cholesterol and glucose in 
Apoe− /- mice with established atherosclerosis that were switched from 
the WD to a low-fat SD. Despite the lack of lipid/glucose-lowering ef-
fects, DT-109 significantly reduced atherosclerosis in the whole aortic 
tree and in the aortic sinus. Furthermore, independent of 
lipid/glucose-lowering effects, DT-109 significantly lowered superoxide 
in the aortic sinus of Apoe− /- mice with established atherosclerosis, 
suggesting that antioxidant defense is a central mechanism by which 
glycine-based treatment protects against atherosclerosis. 

Abnormal redox status and increased ROS are implicated in the 
development of many CVDs, particularly atherosclerosis [21]. Genera-
tion of superoxide, one of the major ROS, by monocytes and macro-
phages promotes atherosclerosis while its inhibition attenuates 
atherosclerosis [42,57]. The GSH-dependent antioxidant system effec-
tively scavenges ROS, including superoxide, and plays a major role in 
the development of atherosclerosis [44–47,58–60]. In humans, the 
intima-media thickness, a marker of subclinical atherosclerosis, was 
inversely associated with circulating GSH [44], and a weak GSH-related 
antioxidant defense was found in atherosclerotic plaques [45]. Chemical 
and genetic inhibition of GSH synthesis increase macrophage foam-cell 
formation and atherosclerosis in Apoe− /- mice [46,47,60], whereas 
gain-of-function of glutathione synthesis in macrophages attenuates 
atherosclerosis [46]. Here, we found that oral administration of DT-109 
induces GSH formation in blood mononuclear cells. These effects are not 
limited to mononuclear cells, as DT-109 enhances GSH in aortas, hearts, 
and liver in C57BL/6J mice [8]. In addition, our studies in isolated bone 
marrow-derived macrophages (BMDMs) revealed that glycine and 
DT-109 lower superoxide formation induced by glycine deficiency. 
Importantly, these effects were abolished in BMDMs from Gclm− /- mice, 
in which GSH formation is impaired [34,35,46], indicating that the 
antioxidant defense of glycine-based treatment is mediated through 
induction of GSH biosynthesis. Indeed, using metabolic flux and carbon 
tracing experiments we provide here direct evidence that glycine defi-
ciency inhibits glutathione formation in BMDMs while glycine-based 
treatment induces de novo glutathione biosynthesis. 

Our study has some limitations that may serve as future avenues of 
investigation. The current study expanded on our previous reports of the 
protective effects of DT-109 in male mice [8] and thus we evaluated the 
effects of DT-109 in atherosclerosis using male Apoe− /− mice. Although 
females tend to have a cardioprotective phenotype, studies comparing 
sex differences in specific aspects of atherosclerosis show females 
actually have greater plaque stenosis; however, males tend to have 
greater plaque area and inflammation leading to an increased risk of 
ischemic events [61]. Furthermore, previous genome-wide association 
studies described a variant in CPS1 associated with enhanced circulating 
glycine; however, this variant is only cardioprotective in female subjects 
[62]. Thus, our understanding of how sex and glycine metabolism 
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influence atherosclerosis remains complex, and our findings open a new 
avenue of research for comparative analysis of glycine-based com-
pounds in males and females. Our glycine-based treatment reduces 
atherosclerosis in mice independent of circulating lipids by enhancing 
the antioxidant, GSH. Previous studies demonstrated the anti-
atherogenic and cardioprotective properties of antioxidant interventions 
[42,46,63–70]. For instance, the antioxidant Probucol reduced ather-
omas and plasma cholesterol in Watanabe heritable hyperlipidemic 
(WHHL) rabbits due to reductions in modified LDL [63,64]. Similarly, 
Probucol reduced cholesterol and atherosclerosis in Apoe− /- mice [65] 
and prevented coronary heart disease and death in SR-BI/APOE double 
knockout mice [66]. Analogues of Probucol that were ineffective in 
lowering serum cholesterol continued to reduce atherosclerosis in rab-
bits through reductions in LDL modification [67]. Together, using 
various animal models, these earlier studies highlight the contribution 
of antioxidant interventions in atherosclerosis independent of their ef-
fects on plasma lipid levels. Our current studies provide further evidence 
of the benefits of antioxidant therapeutics in atherosclerosis without 
targeting plasma lipids. However, our studies to date examine the con-
tributions of DT-109 in mice, which may present a limitation due to 
differences in mouse models of atherosclerosis compared with humans 
[71]. Thus, there remains a need for exploration of DT-109 in non-mouse 
models of atherosclerosis, which is currently ongoing in our lab. 

In summary, we report that circulating glycine levels are lower in 
patients with sCAD. Using dietary approaches to manipulate glycine 
availability in atheroprone mice, we show for the first time that glycine 
plays a causative role in atherosclerosis development. We further iden-
tified DT-109 as a glycine-based treatment for atherosclerosis, inde-
pendent of its lipid/glucose-lowering effects, and uncovered induction 
of de novo GSH synthesis and antioxidant defense as a central mechanism 
of action (Fig. 7). A large body of literature including studies in humans 
[7,15,49,50], rodent models [8,17,29,48,72] and cellular systems [8,17, 

29] supports glycine-based treatments for T2D, obesity and NAFLD, 
well-established risk factors for atherosclerotic CVD [22,23], through 
lipid/glucose-lowering and antioxidant effects. Furthermore, glycine 
supplementation is safe and well-tolerated by humans even at high doses 
[73]. Considering the findings of the current study together with the 
above literature, the therapeutic potential of glycine-based treatment in 
atherosclerotic CVD warrants clinical evaluation. 
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Fig. 7. Proposed model of glycine-based treatment for atherosclerosis through antioxidant effects mediated by induction of GSH biosynthesis.  
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