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GlyNAC (Glycine and N-Acetylcysteine) Supplementation
Improves Impaired Mitochondrial Fuel Oxidation and Lowers
Insulin Resistance in Patients with Type 2 Diabetes: Results of
a Pilot Study
Rajagopal V. Sekhar

Translational Metabolism Unit, Section of Endocrinology, Diabetes and Metabolism, Baylor College of Medicine,
Houston, TX 77030, USA; rsekhar@bcm.edu

Abstract: Patients with type 2 diabetes (T2D) are known to have mitochondrial dysfunction and
increased insulin resistance (IR), but the underlying mechanisms are not well understood. We
reported previously that (a) adequacy of the antioxidant glutathione (GSH) is necessary for optimal
mitochondrial fatty-acid oxidation (MFO); (b) supplementing the GSH precursors glycine and N-
acetylcysteine (GlyNAC) in mice corrected GSH deficiency, reversed impaired MFO, and lowered
oxidative stress (OxS) and IR; and (c) supplementing GlyNAC in patients with T2D improved GSH
synthesis and concentrations, and lowered OxS. However, the effect of GlyNAC on MFO, MGO
(mitochondrial glucose oxidation), IR and plasma FFA (free-fatty acid) concentrations in humans
with T2D remains unknown. This manuscript reports the effect of supplementing GlyNAC for
14-days on MFO, MGO, IR and FFA in 10 adults with T2D and 10 unsupplemented non-diabetic
controls. Fasted T2D participants had 36% lower MFO (p < 0.001), 106% higher MGO (p < 0.01), 425%
higher IR (p < 0.001) and 76% higher plasma FFA (p < 0.05). GlyNAC supplementation significantly
improved fasted MFO by 30% (p < 0.001), lowered MGO by 47% (p < 0.01), decreased IR by 22%
(p < 0.01) and lowered FFA by 25% (p < 0.01). These results provide proof-of-concept that GlyNAC
supplementation could improve mitochondrial dysfunction and IR in patients with T2D, and warrant
additional research.
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1. Introduction

Type 2 diabetes (T2D) is associated with mitochondrial dysfunction [1,2] which in-
volves the impaired oxidation of fatty-acids (FA) [3–13]. Mitochondria are the source of
energy generation and reactive oxygen species in cells, and mitochondrial dysfunction
has been linked to diabetic complications [14,15] involving the heart [15–20], skeletal mus-
cle [3–7,20], kidneys [21,22] and liver [23,24], and is also associated with inflammation [25],
aging [26], cognitive disorders [27,28] and insulin resistance (IR) [29,30]. During the process
of energy generation, mitochondria generate toxic reactive oxygen species (ROS) which
induce a harmful state known as oxidative stress (OxS). To defend against OxS, mitochon-
dria critically depend on antioxidants for protection, and glutathione (GSH, γ-glutamyl-
cysteinyl-glycine) is the most abundant endogenous intracellular antioxidant [31,32]. Acute
depletion of intracellular GSH concentrations result in mitochondrial injury or irreversible
cell damage [16,33], suggesting that GSH is important for mitochondrial function and
survival. GSH is a tripeptide synthesized from glutamic acid, cysteine and glycine in
two steps catalyzed by the enzymes glutamate cysteine ligase (GCL, also known as γ-
glutamylcysteine synthetase) and γ-L-glutamyl-L-cysteine:glycine ligase (also known as
glutathione synthetase), and is important in health and disease [31,32]. Patients with
T2D are reported to have GSH deficiency [34–39]. In a pilot study conducted earlier, we
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investigated the mechanisms contributing to GSH deficiency in T2D and reported that
diminished synthesis contributes to GSH deficiency, and that this occurs due to decreased
availability of the GSH precursor amino acids glycine and cysteine, and not glutamic
acid [39]. We also reported that supplementing these patients with T2D with glycine and
cysteine (provided as N-acetylcysteine, NAC) for a short duration of 2 weeks corrected the
impaired GSH synthesis, improved intracellular GSH concentrations, and lowered OxS,
without a decrease in fasting blood glucose concentrations [39]. This combination of glycine
and NAC is abbreviated as GlyNAC. In rodent studies, we discovered that depleting GSH
in young healthy mice results in impaired mitochondrial fatty-acid oxidation (MFO) [40],
and that supplementing GlyNAC in old mice corrected GSH deficiency, reversed impaired
MFO and lowered IR [40]. The results of these rodent studies suggest that GSH adequacy
is critically important for optimal and efficient mitochondrial function, and that GlyNAC
supplementation could be important for improving mitochondrial dysfunction and lower-
ing IR. We tested this in human clinical trials involving older humans and in HIV-infected
patients, and found that GlyNAC supplementation for a short duration of 2 weeks was
sufficient to improve mitochondrial dysfunction and lower IR in both trials [41,42], but also
that GlyNAC supplementation over longer durations ranging from 12–24 weeks reversed,
corrected and normalized mitochondrial dysfunction compared to controls, also further
improved IR [43,44]. However, stopping GlyNAC supplementation in both trials resulted in
a recurrence of mitochondrial dysfunction and worsening of IR [43,44]. These observations
indicate causality where defects improve with GlyNAC supplementation, and recur after
stopping GlyNAC. Next, we tested and found that GlyNAC supplementation in old mice
reversed impaired MFO in the heart and improved cardiac function [45]. However, whether
GlyNAC supplementation can improve mitochondrial dysfunction or IR in patients with
T2D remains unknown.

Reversing mitochondrial impairment is a key focus in T2D [46]. The effect of GlyNAC
on mitochondrial function in patients with T2D has not been previously reported in the
medical literature. This manuscript reports unpublished data on mitochondrial fuel oxi-
dation, insulin resistance and free-fatty acid (FFA) concentrations from a previous study
investigating the effect of supplementing GlyNAC in patients with T2D [39].

2. Materials and Methods
2.1. Study Approval

The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Institutional Review Boards (IRB) at Baylor College of
Medicine. The clinicaltrials.gov results database was made available to the public in
September 2008; this study began in 2004 and was completed before 2008.

2.2. Study Participants

This manuscript contains unpublished results (from our earlier published study [39])
on mitochondrial, IR and FFA data from a subset of 10 adults with poorly controlled
T2D (HbA1c 8–10%) and 10 non-diabetic controls. Participants did not have any thyroid
disorder, hypercortisolemia, liver or renal impairment, malignancy, active infections, steroid
therapy, and did not have any hospitalizations in the 6 months prior to study participation.
No participants consumed any dietary supplements or alcoholic beverages. All diabetic
patients were under the care of their primary physicians. To prevent acute swings of
blood glucose and to achieve comparable glycemic levels before and after supplementation
with GlyNAC, only newly diagnosed diabetic patients who were not receiving insulin
therapy were recruited, and all diabetic participants were being treated with lifestyle
modification ± oral antidiabetic agents only.

clinicaltrials.gov
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2.3. Study Protocol

Patients with T2D were studied before and 2 weeks after receiving oral supplemen-
tation for 14 days (2 weeks) with GlyNAC (combination of glycine and N-acetylcysteine
(NAC, as a cysteine donor)) [39]. Participants were studied after an overnight fast with
collection of blood and urine, and underwent indirect calorimetry after a fast duration of
18 h. The diabetic participants underwent the study protocol before and after 14 days of
supplementation. Glycine and NAC capsules were prepared by a pharmacist and dosed
to provide 100 mg/kg/day of glycine, and 100 mg/kg/day of NAC. Compliance was
assessed by phone calls and counting of capsules at the end of the 2-week period. Control
subjects did not receive GlyNAC supplementation.

2.4. Outcome Measures
2.4.1. Mitochondrial Function

Mitochondrial function was assessed using indirect calorimetry (Deltatrac, Sensormedics,
Fullerton, CA, USA), with measurement of oxygen consumption and carbon dioxide produc-
tion. Respiratory quotient (RQ) is the ratio of directly measured carbon dioxide produced
to oxygen consumed, and denotes the type of fuel substrate being oxidized. Mitochondrial
fatty-acid oxidation (MFO) and mitochondrial glucose oxidation (MGO) were calculated using
calorimetric data [47].

2.4.2. Glycemic and Lipid Analyses

Plasma insulin concentrations were measured using a commercially available, highly
specific radioimmunoassay kit for human insulin (Linco Research, St. Charles, MO, USA).
Insulin resistance was calculated (as HOMA-IR) as reported by us in prior studies [42–44].
Plasma free-fatty acid concentrations were measured using a spectrophotometric assay
(Wako Chemicals, Neusse, Germany).

2.5. Statistical Analyses

Data are expressed as means± SE. A repeated measures analysis of variance (ANOVA)
with the Bonferroni multiple comparisons test was used for the statistical analyses to
compute differences in means between the diabetic group pre-supplementation and the
control group, and in the diabetic patients studied pre- and post-supplementation. Results
were considered to be statistically significant at p < 0.05.

3. Results
3.1. Age and Body Mass Index (BMI)

There were no significant differences between nondiabetic controls and diabetic pa-
tients for age (p = 0.99). Comparisons of BMI between the 2 groups did not show any
differences between controls or T2D patients pre-supplementation (p = 0.3), or in T2D
patients pre- and post- GlyNAC supplementation for 2 weeks (p > 0.99) (Table 1).

3.2. Mitochondrial Function

Compared to fasted non-diabetic controls, fasted diabetic participants had 36% lower
MFO (p = 0.0006) and 106% higher MGO (p = 0.008). GlyNAC supplementation was
associated with a 30% increase in MFO (p = 0.0009), and a 47% decrease in MGO (p = 0.001)
(Figure 1) indicating an improvement in impaired fasted mitochondrial fuel oxidation.
(Table 1). In this study there were no gender differences, but future studies with larger
sample sizes are needed to more accurately evaluate gender differences.
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Table 1. Fasted fuel oxidation, glycemic indices and FFA concentrations. Values are means ± SE;
Means are significantly different at p < 0.05. T2D = type 2 diabetes; 0-weeks = baseline study;
2-weeks = study conducted after 2-weeks of GlyNAC supplementation; FFA = free-fatty-acids,
HOMA-IR = insulin resistance.

Parameter
Non-Diabetic

Controls:
0-weeks

Diabetic
Patients:
0-weeks

Controls vs.
T2D-0-weeks

Diabetic Patients:
2-weeks

T2D-0-weeks vs.
T2D-2-weeks

Age (years) 50.8 ± 5.0 50.9 ± 4.4
p = 0.99 -

Glycosylated hemoglobin
(HbA1c) 5.5 ± 0.1 9.2 ± 0.2

p < 0.0001
9.1 ± 0.3
p > 0.99

Body mass index (BMI) 27.7 ± 0.4 29.9 ± 0.9
p = 0.3

29.7 ± 1.0
p > 0.99

Fasting respiratory quotient
(RQ) 0.76 ± 0.00 0.81 ± 0.01

p = 0.02
0.77 ± 0.01
p = 0.001

Fasting FA oxidation
(mg/kg/min) 0.98 ± 0.06 0.63 ± 0.04

p = 0.0006
0.81 ± 0.05
p = 0.0009

Fasting glucose oxidation
(mg/kg/min) 0.48 ± 0.06 0.98 ± 0.10

p = 0.008
0.68 ± 0.08
p = 0.001

Fasting plasma glucose
(mmol/L) 5.5 ± 0.2 11.2 ± 0.5

p < 0.0001
10.8 ± 0.5

p = 0.7
Fasting insulin

concentrations (pmol/L) 11.0 ± 1.4 28.5 ± 0.9
p = 0.0002

23.1 ± 2.6
p = 0.0006

Insulin resistance
(HOMA-IR) 2.7 ± 0.3 14.2 ± 1.6

p = 0.0002
11.1 ± 1.4
p = 0.006

Fasted plasma FFA (mEq/L) 0.59 ± 0.07 1.02 ± 0.11
p = 0.015

0.76 ± 0.07
p = 0.004
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Figure 1. GlyNAC supplementation improves impaired mitochondrial fuel oxidation in patients with
T2D. T2D = type 2 diabetes; MFO = mitochondrial fatty-acid oxidation; MGO = mitochondrial glucose
oxidation; T2D-0w = T2D patients before GlyNAC supplementation; T2D post-GlyNAC = T2D
patients 2-weeks after GlyNAC supplementation. ∗ = p < 0.001; ϕ = p < 0.01.

3.3. Glycemia, Insulin Resistance and Plasma Free Fatty-Acid Concentrations

Fasting participants with T2D had 103%, 160% and 76% higher concentrations of
plasma glucose (p < 0.0001), insulin (p = 0.0002) and FFA (p = 0.015) respectively, and 425%
higher insulin resistance (p = 0.0002) compared to non-diabetic controls. GlyNAC supple-
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mentation significantly lowered fasting plasma concentrations of insulin by 19% (p = 0.0006),
FFA by 25% (p = 0.004), and decreased IR by 22% (p = 0.006), but there were no improve-
ments in fasting plasma glucose concentrations (p = 0.7) (Table 1, Figures 2 and 3).
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Figure 2. GlyNAC supplementation lowers insulin resistance in participants with Type 2 diabetes.
HOMA-IR = homeostatic model assessment for insulin resistance; T2D-0w = participants with Type 2
diabetes before GlyNAC supplementation; T2D post-GlyNAC: participants with T2D 2 weeks after
GlyNAC supplementation. ∗ = p < 0.001; ϕ = p < 0.01.
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Figure 3. GlyNAC supplementation lowers plasma free-fatty acid concentrations in Type 2 diabetes.
FFA = free fatty acids; T2D-0w = participants with Type 2 diabetes before GlyNAC supplementation;
T2D post-GlyNAC: participants with T2D participants 2 weeks after GlyNAC supplementation.
ϕ = p < 0.01; θ = p < 0.05.

4. Discussion

Patients with T2D are known to have impaired mitochondrial fuel oxidation [1–9] and
insulin resistance [29,30], and these defects were present in the diabetic participants in this
study. The novel discovery in this study is that GlyNAC supplementation improves defects
in fasting mitochondrial fatty-acid and glucose oxidation, and lowers insulin resistance
and plasma free fatty-acid concentrations within a short duration of 2 weeks.

4.1. GlyNAC Supplementation Improves Mitochondrial Impairment in T2D

Previous studies have shown that diabetes is associated with impaired oxidation of
fatty-acids [3–15] but reversing this defect in humans with T2D has been difficult to achieve.
In an earlier study we investigated and found that depleting GSH concentrations in young
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healthy mice using an inhibitor of GSH synthesis resulted in impaired mitochondrial fatty-
acid oxidation [40], which suggests that adequacy of GSH is essential for mitochondrial
fatty-acid oxidation. Next, we investigated old mice which had GSH deficiency in tissues
(liver and skeletal muscle) and also had impaired mitochondrial fatty-acid oxidation. Sup-
plementing GlyNAC in these old mice (but not isonitrogenous-isocaloric placebo) corrected
tissue GSH deficiency, and also corrected mitochondrial fatty-acid oxidation which was
measured using calorimetry, tracers and molecular expression of regulators of substrate
oxidation [40]. Of particular relevance is the measurement of respiratory quotient (RQ)
which is sometimes also referred to as the respiratory exchange ratio (RER). The process of
complete substrate oxidation requires the consumption of oxygen and production of carbon
dioxide, and RQ is the ratio of carbon-dioxide produced and oxygen consumed during res-
piration. For example, complete oxidation of a fuel substrate such as glucose (C6H12O6) is
depicted by the equation C6H12O6 + 6O2→ 6CO2 + 6H2O, and shows that oxidation of one
mole of glucose requires the consumption of 6 moles of oxygen and production of 6 moles
of carbon dioxide. In this reaction, the ratio of CO2 produced to O2 consumed (i.e., the RQ)
is 6/6 = 1. Each fuel substrate has its own signature RQ, and similarly to how the RQ for
glucose oxidation is 1.0, the RQ of fatty-acid oxidation is around 0.7. The RQ depicts the
relative composition of glucose or fatty acids in the fuel mix being oxidized, and is a direct
measure based on gas exchange. In our published studies in old mice, old humans and HIV-
patients we found evidence of impaired mitochondrial fatty-acid oxidation and that this
was improved/corrected after supplementation with GlyNAC [43,44]. Stopping GlyNAC
supplementation in our human studies resulted in a loss of benefits, with a recurrence
of mitochondrial defects [43,44]. These previous reports that GSH adequacy is critically
important for optimal mitochondrial fatty-acid oxidation [40], that GlyNAC supplementa-
tion corrects GSH deficiency and improves mitochondrial fatty-acid oxidation [40,42–44],
and that these defects recur after GlyNAC withdrawal [43,44], suggest causality. In our
study in HIV-infected patients, we found and reported that GlyNAC supplementation
also improved mitochondrial defects in skeletal muscle, including improvements in im-
paired expression of PGC1α (mitochondrial biogenesis) and PINK1 (mitophagy) [43]. It is
against this background that the results reported in this manuscript are significant, because
GlyNAC supplementation in participants with T2D improved RQ, MFO and MGO in a
relatively short duration of 14 days. These abnormalities in fuel oxidation and gas exchange
have been identified as predictors of weight gain [48], and this could be of particular impor-
tance in T2D which is strongly associated with weight gain, termed by some as ‘diabesity’.
Because GlyNAC supplementation improves fuel metabolism, it will be important to study
its effects on body composition including liver fat content in future studies. Overall, these
results suggest that GlyNAC supplementation could improve mitochondrial health in
patients with T2D, and support the need for future clinical trials to investigate the impact
of GlyNAC supplementation on improving the health of diabetic patients.

4.2. Effect of GlyNAC Supplementation on Fasting Plasma Insulin and Free-Fatty Acid
Concentrations, and Insulin Resistance in Diabetes

Fasting hyperinsulinemia and elevated IR are pathognomonic defects in T2D. IR is
associated with mitochondrial dysfunction [29,30]. Compared to nondiabetic controls,
diabetic participants in this study had severely elevated fasting insulin concentrations
(160% higher) and IR (425% higher), and they decreased by 19% and 22% respectively after
2 weeks of supplementation with GlyNAC. However, this decrease in IR was modest (but
significant) and did not come down to levels found in nondiabetic controls; the most likely
reason for this was the short duration of supplementation. Nonetheless, the fact that just
2 weeks of GlyNAC supplementation was sufficient to significantly lower insulin resistance
by 22% is exciting, and future studies are needed to investigate the effect of longer durations
of GlyNAC supplementation on whole-body, skeletal muscle, and hepatic insulin resistance
in patients with T2D. These data are congruent with our earlier publication where we
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found that GlyNAC supplementation in aged mice improved abnormalities in glucose and
insulin tolerance testing to match levels in young mice [40].

Why does insulin resistance improve with GlyNAC? There could be multiple reasons
to explain this. Insulin resistance is associated with mitochondrial dysfunction, elevated
circulating free-fatty acid levels, and increased OxS. GlyNAC supplementation improved
all of these defects in this study, and this could have contributed to the improved insulin
resistance. Elevated plasma fatty-acid concentrations have also been linked to insulin
resistance [49–51]. A randomized clinical trial reported that lowering free-fatty acids did not
improve oxidative capacity in T2D [52]. However, in this study GlyNAC supplementation
lowered plasma FFA levels and improved mitochondrial fuel oxidation, suggesting that
both defects improved simultaneously in response to GlyNAC, but whether these defects
are mechanistically interlinked is unclear and needs further study.

Fasting hyperinsulinemia, in particular, is a key defect in T2D and occurs in response
to progressive increases in IR. For this to occur, there is β-cell hyperactivity to secrete
higher amounts of insulin to overcome the IR; over time this results in β-cell burnout
and the need for insulin replacement. Therefore, it is clear that IR is directly linked to
β-cell stress (i.e., hyperactivity) and contributes to β-cell failure over time. If this negative
spiral could be broken, there could be less stress on β-cells with a possibility of longer
β-cell survival. We tested this in mice, where we found that aged mice had higher insulin
and glucose responses to a glucose challenge together with blunted glucose lowering in
response to an insulin challenge, indicating that the aged mice had increased β-cell activity
and IR (impaired insulin-stimulated glucose disposal) [40]. When these aged mice received
GlyNAC, their insulin-stimulated glucose disposal improved dramatically to match values
in young, healthy mice and their glucose response to a glucose tolerance test also showed
a striking improvement to match healthy, young control mice. However, the interesting
finding was a significant decline in the hyperinsulinemic response to a glucose tolerance
test, suggesting less stress on β-cells. Seen together, these rodent data indicate that GlyNAC
supplementation lowered IR and improved insulin sensitivity, and therefore less insulin
was needed for glucose disposal, relieving stress on β-cells. When the results of this pilot
study are viewed against the background of these rodent data, a similar pattern can be
recognized. Patients with T2D had elevated fasting glucose and insulin concentrations,
indicating higher IR and increased β-cell activity. GlyNAC supplementation significantly
lowered both fasting insulin concentrations and IR, without lowering fasting hyperglycemia
or HbA1c. If the fall in insulin concentration was due to β-cell failure, and not in response
to a drop in IR, there would have been a rise in hyperglycemia, but this did not occur. The
most parsimonious explanation is that with lowering of insulin resistance (and thereby
improving insulin sensitivity), glucose disposal could be achieved with less insulin, and
this reduced β-cell overactivity. These data suggest the real and exciting possibility that
GlyNAC supplementation could promote β-cell health by preventing β-cell stress and
overactivity, and more studies focused on the β-cell effects of GlyNAC supplementation
are needed. Mitochondrial dysfunction has been reported to adversely affect the β-cell
function [53–57], and it is possible that an additional mechanism by which GlyNAC could
have improved β-cell health and function is by improving mitochondrial function in β-cells,
but this remains to be proven. Therefore, GlyNAC supplementation in T2D could have
implications for glucose metabolism beyond lowering insulin resistance, and this should
be investigated in future studies.

4.3. Salient Aspects of GlyNAC-Mediated Improvements in Mitochondrial Fuel Oxidation and
Insulin Resistance in T2D

There are several important aspects of the GlyNAC-mediated improvements of these
two key outcomes in diabetes: (a) Speed of onset: GlyNAC supplementation acts quickly
with significant improvements occurring after just 2 weeks. This speed of improvement
is consistent with the observed effects of GlyNAC in our other human studies in older
humans and HIV patients where 2 weeks of GlyNAC supplementation improved MFO,
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MGO and IR; (b) Improvements occur despite the presence of hyperglycemia in patients with T2D:
2 weeks of time is too short to observe meaningful changes in glycosylated hemoglobin
concentrations, which remained unchanged in this study. There were no changes in fasting
glucose concentrations; the overall picture suggests that hyperglycemia remained relatively
unchanged during this time. Because diabetic benefits typically depend on lowering
hyperglycemia and these improvements occurred without a change in hyperglycemia,
these findings suggest that alternate mechanisms (other than glycemic control) could be
involved in improving mitochondrial function and IR in this study; (c) Magnitude of response:
GlyNAC supplementation did not ‘normalize’ mitochondrial defects or insulin resistance
to levels found in controls, and the most likely reasons for this are the short 2 week duration
of supplementation and the presence of uncontrolled hyperglycemia. In future studies,
it will be interesting to evaluate whether longer durations of GlyNAC supplementation
could result in greater improvements in MFO, MGO and IR, and if benefits decline after
GlyNAC withdrawal.

4.4. Why GlyNAC Works—The ‘Power of Three’

GlyNAC supplementation provides glycine, cysteine (from NAC) and GSH (from
glycine and cysteine) [39,41,42]. Glycine is of vital importance to cellular health as a
1-carbon metabolite and methyl (CH3) group donor [58,59]. Glycine and methyl groups
are required by multiple cellular pathways for the synthesis of important metabolites and
metabolic intermediates, such as purines for DNA synthesis [58–61]. Glycine acts as a
neurotransmitter in the brain [62–66] and is an important component of cartilage [67].
Cysteine contains a sulfhydryl (SH) group donor and is an important thiol in antioxi-
dant systems [68] and for multiple cellular processes, especially in mitochondria [69–71].
For example, coenzyme A (CoA-SH) is an important intermediate in the mitochondrial
β-oxidation of fatty-acids and for pyruvate metabolism in the Krebs’ cycle, and requires
cysteine for its synthesis [72]. Cysteine is also important in maintaining protein structure,
iron metabolism and other reactions in the body [71,73,74]. A key function of both glycine
and cysteine is to serve as precursors for the synthesis of glutathione, the most abundant
endogenous, intracellular tripeptide antioxidant [31,32]. GSH is commonly referred to
as the ‘master antioxidant’, both for its abundance and for the multitude of biological
functions that it supports [31,32,75,76]. GSH combats OxS, provides cellular protection,
is required for efficient mitochondrial function, participates in detoxification of harmful
metabolites, supports glutathionylation function, and is important for multiple and varied
cellular processes [31,32,76,77]. We have termed the beneficial effects of the combination of
glycine, cysteine and glutathione as the ‘power of three’ [43,44,78] because they act rapidly
(after 2 weeks of GlyNAC supplementation in this study) to provide a powerful biological
effect toward cellular protection, correcting cellular defects and improving cell, organ and
organism health.

4.5. Study Limitations

The key limitations of this study are a small sample size, lack of a placebo group,
and the need for data at the molecular level. Nonetheless, these data from our exploratory
pilot study suggests that GlyNAC supplementation could be of key importance in im-
proving mitochondrial health, dyslipidemia and insulin resistance in humans with T2D.
However, it is important to recognize that these exciting results require confirmation in a
randomized clinical trial.

5. Conclusions

The results of this exploratory pilot study suggest that supplementing GlyNAC in
patients with T2D could improve defects in mitochondrial function, lower insulin resistance
and circulating plasma fatty-acid concentrations. These results could have important impli-
cations for improving health in diabetes, and support the need for a randomized clinical
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trial to confirm these findings and to understand the impact of GlyNAC supplementation
on defects linked to mitochondrial dysfunction in diabetes.

Funding: This work was supported by Seed Funding by Baylor College of Medicine to RVS.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of Baylor College of
Medicine (Protocol number H-15791, approved on 14 June 2004).

Informed Consent Statement: Informed consent was obtained from all subjects in the study.

Data Availability Statement: All of the data is contained within the article.

Conflicts of Interest: There are no conflict of interest.

References
1. Kelley, D.E.; He, J.; Menshikova, E.V.; Ritov, V.B. Dysfunction of Mitochondria in Human Skeletal Muscle in Type 2 Diabetes.

Diabetes 2002, 51, 2944–2950. [CrossRef]
2. Patti, M.-E.; Corvera, S. The Role of Mitochondria in the Pathogenesis of Type 2 Diabetes. Endocr. Rev. 2010, 31, 364–395.

[CrossRef] [PubMed]
3. Kelley, D.E.; Simoneau, J.A. Impaired free fatty acid utilization by skeletal muscle in non-insulin dependent diabetes mellitus.

J. Clin. Investig. 1994, 94, 2349–2356. [CrossRef] [PubMed]
4. Mogensen, M.; Sahlin, K.; Fernström, M.; Glintborg, D.; Vind, B.F.; Beck-Nielsen, H.; Højlund, K. Mitochondrial respiration is

decreased in skeletal muscle of patients with type 2 diabetes. Diabetes 2007, 56, 1592–1599. [CrossRef] [PubMed]
5. Blaak, E.E.; Wagenmakers, A.J. The fate of [U-(13)C]-palmitate extracted by skeletal muscle in subjects with type 2 diabetes and

control subjects. Diabetes 2002, 51, 784–789. [CrossRef] [PubMed]
6. Koves, T.R.; Ussher, J.R.; Noland, R.C.; Slentz, D.; Mosedale, M.; Ilkayeva, O.; Bain, J.; Stevens, R.; Dyck, J.R.; Newgard, C.B.; et al.

Mitochondrial overload and incomplete fatty acid oxidation contribute to skeletal muscle insulin resistance. Cell Metab. 2008, 7,
45–56. [CrossRef] [PubMed]

7. Kelley, D.E.; Mandarino, L.J. Fuel selection in human skeletal muscle in insulin resistance: A reexamination. Diabetes 2000, 49,
677–683. [CrossRef] [PubMed]

8. Blaak, E.E.; van Aggel-Leijssen, D.P.; Wagenmakers, A.J.; Saris, W.H.; van Baak, M.A. Impaired oxidation of plasma-derived fatty
acids in type 2 diabetic subjects during moderate-intensity exercise. Diabetes 2000, 49, 2102–2107. [CrossRef]

9. Blaak, E.E.; Wolffenbuttel, D.L.; Saris, W.H.; Pelsers, M.M.; Wagenmakers, A.J. Weight reduction and impaired plasma derived
free fatty acid oxidation in type 2 diabetic subjects. J. Clin. Endocrinol. Metab. 2001, 86, 1638–1644. [CrossRef]

10. Bonadonna, R.C.; Groop, L.C.; Zych, K.; Shank, M.; DeFronzo, R.A. Dose-dependent effect of insulin on plasma free fatty acid
turnover and oxidation in humans. Am. J. Physiol. 1990, 259, E736–E750. [CrossRef]

11. Tancredi, R.G.; Dagenais, G.R.; Zierler, K.L. Free fatty acid metabolism in the forearm at rest: Muscle uptake and adipose tissue
release of free fatty acids. Johns Hopkins Med. J. 1976, 138, 167–179.

12. van de Weijer, T.; Sparks, L.M.; Phielix, E.; Meex, R.C.; van Herpen, N.A.; Hesselink, M.K.; Schrauwen, P.; Schrauwen-Hinderling,
V.B. Relationships between mitochondrial function and metabolic flexibility in type 2 diabetes mellitus. PLoS ONE 2013, 8, e51648.
[CrossRef]

13. Corpeleijn, E.; Saris, W.H.; Blaak, E.E. Metabolic flexibility in the development of insulin resistance and type 2 diabetes: Effects of
lifestyle. Obes. Rev. 2009, 10, 178–193. [CrossRef]

14. Blake, R.; Trounce, I.A. Mitochondrial dysfunction and complications associated with diabetes. Biochim. Biophys. Acta 2014, 1840,
1404–1412. [CrossRef] [PubMed]

15. Pinti, M.V.; Fink, G.K.; Hathaway, Q.A.; Durr, A.J.; Kunovac, A.; Hollander, J.M. Mitochondrial dysfunction in type 2 diabetes
mellitus: An organ-based analysis. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E268–E285. [CrossRef] [PubMed]

16. Ghosh, S.; Pulinilkunnil, T.; Yuen, G.; Kewalramani, G.; An, D.; Qi, D.; Abrahani, A.; Rodrigues, B. Cardiomyocyte apoptosis
induced by short-term diabetes requires mitochondrial GSH depletion. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H768–H776.
[CrossRef] [PubMed]

17. Peoples, J.N.; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, J.Q. Mitochondrial dysfunction and oxidative stress in heart disease.
Exp. Mol. Med. 2019, 51, 1–13. [CrossRef]

18. El Hadi, H.; Vettor, R.; Rossato, M. Cardiomyocyte mitochondrial dysfunction in diabetes and its contribution in cardiac
arrhythmogenesis. Mitochondrion 2019, 46, 6–14. [CrossRef] [PubMed]

19. Gollmer, J.; Zirlik, A.; Bugger, H. Mitochondrial Mechanisms in Diabetic Cardiomyopathy. Diabetes Metab. J. 2020, 44, 33–53.
[CrossRef]

20. Schrauwen-Hinderling, V.B.; Kooi, M.E.; Schrauwen, P. Mitochondrial Function and Diabetes: Consequences for Skeletal and
Cardiac Muscle Metabolism. Antioxid Redox Signal. 2016, 24, 39–51. [CrossRef] [PubMed]

21. Wei, P.Z.; Szeto, C.C. Mitochondrial dysfunction in diabetic kidney disease. Clin. Chim. Acta 2019, 496, 108–116. [CrossRef]

http://doi.org/10.2337/diabetes.51.10.2944
http://doi.org/10.1210/er.2009-0027
http://www.ncbi.nlm.nih.gov/pubmed/20156986
http://doi.org/10.1172/JCI117600
http://www.ncbi.nlm.nih.gov/pubmed/7989591
http://doi.org/10.2337/db06-0981
http://www.ncbi.nlm.nih.gov/pubmed/17351150
http://doi.org/10.2337/diabetes.51.3.784
http://www.ncbi.nlm.nih.gov/pubmed/11872680
http://doi.org/10.1016/j.cmet.2007.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18177724
http://doi.org/10.2337/diabetes.49.5.677
http://www.ncbi.nlm.nih.gov/pubmed/10905472
http://doi.org/10.2337/diabetes.49.12.2102
http://doi.org/10.1210/jc.86.4.1638
http://doi.org/10.1152/ajpendo.1990.259.5.E736
http://doi.org/10.1371/journal.pone.0051648
http://doi.org/10.1111/j.1467-789X.2008.00544.x
http://doi.org/10.1016/j.bbagen.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24246956
http://doi.org/10.1152/ajpendo.00314.2018
http://www.ncbi.nlm.nih.gov/pubmed/30601700
http://doi.org/10.1152/ajpheart.00038.2005
http://www.ncbi.nlm.nih.gov/pubmed/15805231
http://doi.org/10.1038/s12276-019-0355-7
http://doi.org/10.1016/j.mito.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30905865
http://doi.org/10.4093/dmj.2019.0185
http://doi.org/10.1089/ars.2015.6291
http://www.ncbi.nlm.nih.gov/pubmed/25808308
http://doi.org/10.1016/j.cca.2019.07.005


Antioxidants 2022, 11, 154 10 of 12

22. Qi, H.; Casalena, G.; Shi, S.; Yu, L.; Ebefors, K.; Sun, Y.; Zhang, W.; D’Agati, V.; Schlondorff, D.; Haraldsson, B.; et al. Glomerular
Endothelial Mitochondrial Dysfunction Is Essential and Characteristic of Diabetic Kidney Disease Susceptibility. Diabetes 2017, 66,
763–778. [CrossRef] [PubMed]

23. Caldwell, S.H.; Swerdlow, R.H.; Khan, E.M.; Iezzoni, J.C.; EHespenheide, E.; Parks, J.K.; Parker, W. Mitochondrial abnormalities
in non-alcoholic steatohepatitis. J. Hepatol. 1999, 31, 430–434. [CrossRef]

24. Sanyal, A.J.; Campbell–Sargent, C.; Mirshahi, F.; Rizzo, W.B.; Contos, M.J.; Sterling, R.K.; Luketic, V.A.; Shiffman, M.L.; Clore,
J.N. Nonalcoholic steatohepatitis: Association of insulin resistance and mitochondrial abnormalities. Gastroenterology 2001, 120,
1183–1192. [CrossRef]

25. Dela Cruz, C.S.; Kang, M.J. Mitochondrial dysfunction and damage associated molecular patterns (DAMPs) in chronic inflamma-
tory diseases. Mitochondrion 2018, 41, 37–44. [CrossRef]

26. Quirós, P.M.; Langer, T.; López-Otín, C. New roles for mitochondrial proteases in health, ageing and disease. Nat. Reviews. Mol.
Cell Biol. 2015, 16, 345–359. [CrossRef]

27. Yin, F.; Sancheti, H.; Patil, I.; Cadenas, E. Energy metabolism and inflammation in brain aging and Alzheimer’s disease. Free
Radic. Biol. Med. 2016, 100, 108–122. [CrossRef]

28. Akhter, F.; Chen, D.; Yan, S.F.; Yan, S.S. Mitochondrial Perturbation in Alzheimer’s Disease and Diabetes. Prog. Mol. Biol. Transl.
Sci. 2017, 146, 341–361. [CrossRef] [PubMed]

29. Di Meo, S.; Iossa, S.; Venditti, P. Skeletal muscle insulin resistance: Role of mitochondria and other ROS sources. J. Endocrinol.
2017, 233, R15–R42. [CrossRef]

30. Gonzalez-Franquesa, A.; Patti, M.E. Insulin Resistance and Mitochondrial Dysfunction. Adv. Exp. Med. Biol. 2017, 982, 465–520.
[CrossRef] [PubMed]

31. Wu, G.; Fang, Y.Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione metabolism and its implications for health. J. Nutr. 2004, 134,
489–492. [CrossRef] [PubMed]

32. Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C.L. Glutathione dysregulation and the etiology and
progression of human diseases. Biol. Chem. 2009, 390, 191–214. [CrossRef]

33. Mastrocola, R.; Restivo, F.; Vercellinatto, I.; Danni, O.; Brignardello, E.; Aragno, M.; Boccuzzi, G. Oxidative and nitrosative stress
in brain mitochondria of diabetic rats. J. Endocrinol. 2005, 187, 37–44. [CrossRef]

34. Murakami, K.; Kondo, T.; Ohtsuka, Y.; Fujiwara, Y.; Shimada, M.; Kawakami, Y. Impairment of glutathione metabolism in
erythrocytes from patients with diabetes mellitus. Metabolism 1989, 38, 753–758. [CrossRef]

35. Forrester, T.E.; Badaloo, V.; Bennett, F.I.; Jackson, A.A. Excessive excretion of 5-oxoproline and decreased levels of blood
glutathione in type II diabetes mellitus. Eur. J. Clin. Nutr. 1990, 44, 847–850. [PubMed]

36. Sundaram, R.K.; Bhaskar, A.; Vijayalingam, S.; Viswanathan, M.; Mohan, R.; Shanmugasundaram, K.R. Antioxidant status and
lipid peroxidation in type II diabetes mellitus with and without complications. Clin. Sci. 1996, 90, 255–260. [CrossRef] [PubMed]

37. Memisogullari, R.; Taysi, S.; Bakan, E.; Capoglu, I. Antioxidant status and lipid peroxidation in type II diabetes mellitus.
Cell Biochem. Funct. 2003, 21, 291–296. [CrossRef]

38. Whiting, P.H.; Kalansooriya, A.; Holbrook, I.; Haddad, F.; Jennings, P.E. The relationship between chronic glycaemic control and
oxidative stress in type 2 diabetes mellitus. Br. J. Biomed. Sci. 2008, 65, 71–74. [CrossRef]

39. Sekhar, R.V.; McKay, S.V.; Patel, S.G.; Guthikonda, A.P.; Reddy, V.T.; Balasubramanyam, A.; Jahoor, F. Glutathione synthesis
is diminished in patients with uncontrolled diabetes and restored by dietary supplementation with cysteine and glycine.
Diabetes Care 2011, 34, 162–167. [CrossRef]

40. Nguyen, D.; Samson, S.L.; Reddy, V.T.; Gonzalez, E.V.; Sekhar, R.V. Impaired mitochondrial fatty acid oxidation and insulin
resistance in aging: Novel protective role of glutathione. Aging Cell 2013, 12, 415–425. [CrossRef] [PubMed]

41. Sekhar, R.V.; Patel, S.G.; Guthikonda, A.P.; Reid, M.; Balasubramanyam, A.; Taffet, G.E.; Jahoor, F. Deficient synthesis of
glutathione underlies oxidative stress in aging and can be corrected by dietary cysteine and glycine supplementation. Am. J. Clin.
Nutr. 2011, 94, 847–853. [CrossRef]

42. Nguyen, D.; Hsu, J.W.; Jahoor, F.; Sekhar, R.V. Effect of increasing glutathione with cysteine and glycine supplementation on
mitochondrial fuel oxidation, insulin sensitivity, and body composition in older HIV-infected patients. J. Clin. Endocrinol. Metab.
2014, 99, 169–177. [CrossRef]

43. Kumar, P.; Liu, C.; Suliburk, J.W.; Minard, C.G.; Muthupillai, R.; Chacko, S.; Hsu, J.W.; Jahoor, F.; Sekhar, R.V. Supplementing
Glycine and N-acetylcysteine (GlyNAC) in Aging HIV Patients Improves Oxidative Stress, Mitochondrial Dysfunction, Inflam-
mation, Endothelial Dysfunction, Insulin Resistance, Genotoxicity, Strength, and Cognition: Results of an Open-Label Clinical
Trial. Biomedicines 2020, 8, 390. [CrossRef]

44. Kumar, P.; Liu, C.; Hsu, J.W.; Chacko, S.; Minard, C.; Jahoor, F.; Sekhar, R.V. Glycine and N-acetylcysteine (GlyNAC) supplementa-
tion in older adults improves glutathione deficiency, oxidative stress, mitochondrial dysfunction, inflammation, insulin resistance,
endothelial dysfunction, genotoxicity, muscle strength, and cognition: Results of a pilot clinical trial. Clin. Transl. Med. 2021,
11, e372. [CrossRef]

45. Cieslik, K.A.; Sekhar, R.V.; Granillo, A.; Reddy, A.; Medrano, G.; Heredia, C.P.; Entman, M.L.; Hamilton, D.J.; Li, S.; Reineke, E.;
et al. Improved Cardiovascular Function in Old Mice After N-Acetyl Cysteine and Glycine Supplemented Diet: Inflammation
and Mitochondrial Factors. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 1167–1177. [CrossRef]

http://doi.org/10.2337/db16-0695
http://www.ncbi.nlm.nih.gov/pubmed/27899487
http://doi.org/10.1016/S0168-8278(99)80033-6
http://doi.org/10.1053/gast.2001.23256
http://doi.org/10.1016/j.mito.2017.12.001
http://doi.org/10.1038/nrm3984
http://doi.org/10.1016/j.freeradbiomed.2016.04.200
http://doi.org/10.1016/bs.pmbts.2016.12.019
http://www.ncbi.nlm.nih.gov/pubmed/28253990
http://doi.org/10.1530/JOE-16-0598
http://doi.org/10.1007/978-3-319-55330-6_25
http://www.ncbi.nlm.nih.gov/pubmed/28551803
http://doi.org/10.1093/jn/134.3.489
http://www.ncbi.nlm.nih.gov/pubmed/14988435
http://doi.org/10.1515/BC.2009.033
http://doi.org/10.1677/joe.1.06269
http://doi.org/10.1016/0026-0495(89)90061-9
http://www.ncbi.nlm.nih.gov/pubmed/2086214
http://doi.org/10.1042/cs0900255
http://www.ncbi.nlm.nih.gov/pubmed/8777831
http://doi.org/10.1002/cbf.1025
http://doi.org/10.1080/09674845.2008.11732800
http://doi.org/10.2337/dc10-1006
http://doi.org/10.1111/acel.12073
http://www.ncbi.nlm.nih.gov/pubmed/23534396
http://doi.org/10.3945/ajcn.110.003483
http://doi.org/10.1210/jc.2013-2376
http://doi.org/10.3390/biomedicines8100390
http://doi.org/10.1002/ctm2.372
http://doi.org/10.1093/gerona/gly034


Antioxidants 2022, 11, 154 11 of 12

46. Krako Jakovljevic, N.; Pavlovic, K.; Jotic, A.; Lalic, K.; Stoiljkovic, M.; Lukic, L.; Milicic, T.; Macesic, M.; Stanarcic Gajovic, J.;
Lalic, N.M. Targeting Mitochondria in Diabetes. Int. J. Mol. Sci. 2021, 22, 6642. [CrossRef] [PubMed]

47. Frayn, K.N. Calculation of substrate oxidation rates in vivo from gaseous exchange. J. Appl. Physiol. 1983, 55, 628–634. [CrossRef]
[PubMed]

48. Zurlo, F.; Lillioja, S.; Esposito-Del Puente, A.; Nyomba, B.L.; Raz, I.; Saad, M.F.; Swinburn, B.A.; Knowler, W.C.; Bogardus, C.;
Ravussin, E. Low ratio of fat to carbohydrate oxidation as predictor of weight gain: Study of 24-h RQ. Am. J. Physiol. 1990, 259,
E650–E657. [CrossRef]

49. Fraze, E.; Donner, C.C.; Swislocki, A.L.; Chiou, Y.A.; Chen, Y.D.; Reaven, G.M. Ambient plasma free fatty acid concentrations in
noninsulin-dependent diabetes mellitus: Evidence for insulin resistance. J. Clin. Endocrinol. Metab. 1985, 61, 807–811. [CrossRef]
[PubMed]

50. Boden, G. Fatty acids and insulin resistance. Diabetes Care 1996, 19, 394–395. [CrossRef] [PubMed]
51. Liu, Z.; Liu, J.; Jahn, L.A.; Fowler, D.E.; Barrett, E.J. Infusing lipid raises plasma free fatty acids and induces insulin resistance in

muscle microvasculature. J. Clin. Endocrinol. Metab. 2009, 94, 3543–3549. [CrossRef]
52. Phielix, E.; Jelenik, T.; Nowotny, P.; Szendroedi, J.; Roden, M. Reduction of non-esterified fatty acids improves insulin sensitivity

and lowers oxidative stress, but fails to restore oxidative capacity in type 2 diabetes: A randomised clinical trial. Diabetologia 2014,
57, 572–581. [CrossRef]

53. Supale, S.; Li, N.; Brun, T.; Maechler, P. Mitochondrial dysfunction in pancreatic β cells. Trends Endocrinol. Metab. 2012, 23,
477–487. [CrossRef]

54. Soejima, A.; Inoue, K.; Takai, D.; Kaneko, M.; Ishihara, H.; Oka, Y.; Hayashi, J.I. Mitochondrial DNA is required for regulation of
glucose-stimulated insulin secretion in a mouse pancreatic beta cell line, MIN6. J. Biol. Chem. 1996, 271, 26194–26199. [CrossRef]
[PubMed]

55. Kaufman, B.A.; Li, C.; Soleimanpour, S.A. Mitochondrial regulation of β-cell function: Maintaining the momentum for insulin
release. Mol. Aspects. Med. 2015, 42, 91–104. [CrossRef]

56. Maechler, P.; de Andrade, P.B. Mitochondrial damages and the regulation of insulin secretion. Biochem. Soc. Trans. 2006, 34,
824–827. [CrossRef] [PubMed]

57. Maechler, P.; Li, N.; Casimir, M.; Vetterli, L.; Frigerio, F.; Brun, T. Role of mitochondria in beta-cell function and dysfunction.
Adv. Exp. Med. Biol. 2010, 654, 193–216. [CrossRef] [PubMed]

58. Ducker, G.S.; Rabinowitz, J.D. One-Carbon Metabolism in Health and Disease. Cell Metab. 2017, 25, 27–42. [CrossRef]
59. McCarty, M.F.; O’Keefe, J.H.; DiNicolantonio, J.J. Dietary Glycine Is Rate-Limiting for Glutathione Synthesis and May Have Broad

Potential for Health Protection. Ochsner J. 2018, 18, 81–87. [PubMed]
60. Alves, A.; Bassot, A.; Bulteau, A.L.; Pirola, L.; Morio, B. Glycine Metabolism and Its Alterations in Obesity and Metabolic Diseases.

Nutrients 2019, 11, 1356. [CrossRef]
61. Wang, W.; Wu, Z.; Dai, Z.; Yang, Y.; Wang, J.; Wu, G. Glycine metabolism in animals and humans: Implications for nutrition and

health. Amino Acids 2013, 45, 463–477. [CrossRef]
62. Hernandes, M.S.; Troncone, L.R. Glycine as a neurotransmitter in the forebrain: A short review. J. Neural. Transm. 2009, 116,

1551–1560. [CrossRef] [PubMed]
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