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Abstract

Hyperglycemia induces oxidative stress and thereby may exacerbate -cell dysfunction in type 2
diabetes (T2DM). Notably, glutathione (GSH), synthesized from N-Acetylcysteine (NAC),
neutralizes reactive oxygen species within cells and is low in individuals with diabetes.

Aim—Determine if NAC supplementation improves -cell function and glucose tolerance by
decreasing oxidative stress in T2DM.

Methods—Thirteen subjects (6M/7F) with T2DM (duration: 0-13 years, median: 2 years),
treated with diet/exercise alone (n=7) or metformin (n=6), underwent a 2-hour oral glucose
tolerance test (OGTT) at baseline, after 2 weeks supplementation with 600 mg NAC orally twice
daily, and again after 2 weeks supplementation with 1200 mg NAC twice daily. The following
measurements were made: fasting glucose and fructosamine for glycemic control, incremental
AUC glucose (0-120 mins) for glucose tolerance, and A insulin/A glucose (0-30 minutes) for the
early insulin response to glucose. Fasting erythrocyte GSH and GSSG (oxidized glutathione)
levels, plasma thiobarbituric acid reactive substances (TBARS), and urine F2a isoprostanes were
measured to assess oxidative status.

Results—Subjects were middle aged (Mean + SEM: 53.9 + 3.2 years), obese (BMI 37.3 £ 2.8
kg/m?2), and relatively well-controlled (HbAlc 6.7 + 0.3%, 50 mmol/mol). Glycemic control,
glucose tolerance, insulin release, and oxidative markers did not change with either dose of NAC.

Conclusions—Based on the lack of any short-term benefit from NAC supplementation on
markers of glucose metabolism, -cell response, and oxidative status, it is unlikely to be a valuable
therapeutic approach for treatment of type 2 diabetes.
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1.0 Introduction

Hyperglycemia can exacerbate 3-cell dysfunction, with oxidative stress proposed as a major
mediator of this “glucotoxic” effect:2. Oxidative stress is marked by the excessive
production of reactive oxygen species (ROS) in the setting of insufficient and/or defective
anti-oxidant systems. Subjects with diabetes have been shown to have elevated markers of
oxidative stress3 Chronic excessive glucose causes toxic effects on various organs, and the
pancreatic islets in particular contain very low levels of antioxidant enzyme activity making
them especially susceptible to damage from oxidative stress*. Given that hyperglycemia
increases oxidative stress markers and oxidative stress is implicated as a mediator of p-cell
dysfunction and progression to glucose intolerance®, we hypothesize that anti-oxidant use
may reduce oxidative stress thereby resulting in improved p-cell function and glucose
tolerance.

One such anti-oxidant compound warranting further investigation is N-Acetylcysteine
(NAC). NAC is a precursor of the anti-oxidant glutathione and as such, increases the
available glutathione pool. Reduced glutathione (GSH) is able to neutralize reactive oxygen
species by forming oxidized glutathione (GSSG) and water. GSH levels have been shown to
be low in individuals with diabetes®’ and impaired glucose tolerance®® Furthermore,
inhibition of glutathione synthesis in human islets in vitro led to increased hydrogen
peroxide, decreased insulin mMRNA and decreased insulin secretion which was prevented by
increasing glutathione peroxidase activityl. These data suggest that increasing GSH levels
by administration of the precursor NAC could protect the islet from oxidative stress and
improve insulin secretion.

Animal studies have demonstrated the beneficial effects of NAC on B-cell function. Oral
NAC in diabetic C57BL/KsJ-dbdb mice helped maintain glucose-stimulated insulin
secretion and lowered glucose levels!!. Marked attenuation of the development of
hyperglycemia in ZDF rats treated daily with NAC has also been described!2. Co-infusion of
NAC during a hyperglycemic clamp in non-diabetic rats prevented an increase in markers of
oxidative stress and improved insulin sensitivity13,

There is a lack of concrete data in humans on the effects of NAC on insulin secretion,
particularly in subjects with diabetes. Studies in humans including individuals with non-
insulin dependent diabetes, have shown that oral NAC is able to decrease markers of
oxidative stress14-16 and increase GSH levels1417. NAC also decreased oxidative stress
markers induced by a high glucose content meal in subjects with type 2 diabetes (T2DM)18.
One small pilot study found that arginine-induced insulin secretion was improved in 4
subjects with T2DM after 28 days of oral NAC vs. placebol® However, given the scarcity of
available data, additional human studies are needed to determine if treatment with NAC can
improve p-cell function?0,
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2.0 Research Design and Methods
2.1 Study Design

This was an open-label pilot study in subjects with type 2 diabetes that compared the effect
of 1200 mg daily and 2400 mg daily of NAC to baseline. Eligible subjects underwent study
procedures at three time points: at baseline, after 2 weeks on NAC 600 mg BID and again
after an additional 2 weeks on NAC 1200 mg BID.

2.2 Subjects

Subjects were recruited through local newspaper and flyer advertisements in the Seattle, WA
area. Subjects underwent a screening visit to determine eligibility which consisted of
providing written informed consent, undergoing a medical history and physical exam, a
fasting blood draw, and a screening 75 gm 2 hour OGTT. The study enrolled men and
women between the ages of 18-75 years who had a diagnosis of T2DM based on: 1) fasting
plasma glucose values = 126 mg/dl, 2) two-hour post oral glucose challenge values = 200
mg/dl or 3) HbA1 C value = 6.5% (48 mmol/mol) and who were either treated with diet and
exercise alone or with diet, exercise and metformin. T2DM subjects taking metformin were
required to be on a stable dose of metformin for at least 3 months. Individuals had to be in
otherwise good health as determined by medical history, physical examination, and
laboratory tests. Exclusion criteria included: pregnant or lactating females; uncontrolled
diabetes mellitus with severe hyperglycemia (hemoglobin A1C = 9%); chronic oral or
parenteral corticosteroid treatment (> 7 consecutive days of treatment) within 8 weeks prior
to screening; use of HIV protease inhibitors, diabetes medications besides metformin or use
of niacin; chronic inflammatory diseases or use of anti-inflammatory drugs; thyroid
abnormalities (TSH < 0.5 or > 5 pU/ml); creatinine > 1.5 in men and > 1.3 mg/dl in women;
individuals with clinical hepatic disease or ALT greater than > 1.5 times upper limit of
normal within 60 days preceding the first dose of the study drug; weight loss of >5% body
weight within the last 6 months or starting an intensive exercise program within 4 weeks of
study initiation; tobacco use; excessive alcohol consumption (self-reported > 2 drinks a day);
use of any investigational drug in the last 30 days; or anemia (hematocrit < 33%).

The study was approved by the Institutional Review Boards of the Veterans Affairs Puget
Sound Health Care System and the University of Washington in accordance with ethical
standards on human experimentation. All subjects signed a written informed consent.

2.3 NAC Supplementation

Subjects were studied at baseline after which they were given a 30-day supply of NAC
capsules. They were instructed to take one capsule (600 mg) orally twice daily for the first 2
weeks followed by 2 capsules (1200 mg) twice daily for the second 2 weeks. The NAC was
generously donated by TwinLab (American Fork, UT). Dose and duration of NAC were
based on prior human studies reporting significant effect on GSH and the GSH:GSSG ratio
with NAC administration (1200 mg/day)l’. Subjects were instructed to bring their NAC with
them for study visits after 2 and 4 weeks at which time the pills were counted to assess
adherence.
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2.4 Study Procedures

2.5 Assays

OGTT: After at least a 10 hour overnight fast during which subjects were only permitted to
drink water, subjects reported to the VA Puget Sound Clinical Research Unit. Study staff
recorded any adverse events or concomitant medication taken. A fasting urine sample was
collected for measurement of urinary isoprostanes. The timing of blood sampling is given
relative to the time of administration of the oral glucose load (at time 0). An IV was placed
for blood sampling and after 15 minutes of rest, the first basal sample was drawn (-30
minutes). At the 2 and 4 week study procedure days, subjects took their dose of NAC
immediately after the -30 minute blood draw. OGTT baseline samples were then drawn at
-10, -5, and -1 minute time points. At time 0 the subject was asked to drink a solution
containing 75 g of glucose over 5 minutes. After the glucose ingestion blood samples were
drawn at 10, 20, 30, 60, 90, and 120 minutes. Glucose, insulin and c-peptide were measured
at all time points. Erythrocyte GSH and GSSG levels along with plasma and urinary markers
of lipid peroxidation were measured at -30 minutes. Blood samples for GSSG were
aliquoted into a vial containing the inhibitor 6% metaphosphoric acid and immediately flash
frozen.

The following assays were performed: glucose by glucose oxidase; insulin by automated
electrochemiluminescence immunoassay (Cobas €601, Indianapolis, IN); GSH and GSSG
by colorimetric assay (Bioxytech, Percipio Bio Inc., Portland, OR); TBARS by fluorometric
assay of malondialdehyde (MDA) levels (Caymen Chemicals, Ann Arbor, MI); Urine
isoprostanes by mass spectrometry?l. GSH and GSSG samples were assayed within 4 days
of collection and TBARS assays were performed within 30 days of collection. All samples
were stored at -80 degrees Celsius until assayed.

2.6 Statistical Analysis

Two subjects successfully completed only two out of three OGTTs with all data included in
the analysis. Data were expressed as mean + standard error of the mean (SEM). Changes
from baseline OGTT were compared to the low dose NAC (600 mg bid) and high dose NAC
(1200 mg bid) using Generalized Estimating Equations using an intent to treat approach. An
analysis of covariance was also performed adjusting for metformin given its reported anti-
oxidant properties?2. A secondary analysis was performed which included subjects with >
80% compliance with NAC use (see Compliance, discussed below). A p < 0.05 was
considered significant. Statistical analyses were performed using SPSS software (V19.0,
SPSS Inc, Chicago, IL).

2.7 Sample Size Analysis

A priori calculation of sample size required to see a clinically meaningful effect, > 20%
change from baseline, was performed using STATA software (V 13.0, StataCorp LP, College
Station, TX). These calculations ensured that a missed effect is unlikely despite the small
sample size in the study. For the incAUC glucose, GSH, and TBARS variables with 3=0.8
and a=0.05, the calculated sample sizes for > 20% effect ranged from 6-11 subjects.
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3.0 Results

3.1 Subject Characteristics

A total of 13 subjects (6 males, 7 females), age 53.9 + 3.2 (mean + SEM) years, with BMI
37.3 + 2.8 kg/m? and average HbA1c of 6.7 + 0.3% (50 mmol/mol) were enrolled. Six
subjects were taking metformin. The median duration of diabetes was 2 years with a range
of 0-13 years.

3.2 Glucose Tolerance, B-cell Function and Oxidative Stress Markers

Compared to baseline, markers of glycemic control, glucose tolerance, and insulin response
did not significantly change on either dose of NAC (Table 1). Markers of oxidative stress
analyzed including GSH, GSH/GSSG ratio, TBARS, and urine F2a isoprostanes did not
change with either dose of NAC (Table 2). No significant differences in the response to NAC
were observed in the incremental AUC glucose or fasting insulin concentrations for subjects
on Metformin vs. those not on Metformin (Figure 1). Metformin use did not have an impact
on the response to NAC for any other variable (data not shown).

3.3 Compliance

All subjects were > 80% compliant with the low dose of NAC. However, six subjects on the
high dose NAC were less than 80% compliant. Additional analyses were performed
excluding subjects who were < 80% compliant on the high dose NAC. Seven subjects were
included in this secondary analysis, with urine F2a isoprostanes available for a smaller
sample size of four subjects (see Supplemental table). Findings showed a significant increase
in fasting glucose (p=0.03) and fructosamine (p=0.02) on the high NAC dose. Urine
isoprostanes also increased significantly on the high dose of NAC, but this finding is limited
by the small sample size (n=4). These data are therefore suggestive that NAC, particularly at
the higher dose, not only is not beneficial, but may in fact be harmful to overall glucose
metabolism.

4.0 Discussion

NAC supplementation did not result in any beneficial effect at either dose. Specifically, there
was no effect on fasting glucose, glycemic control, glucose tolerance, insulin secretion or
oxidative stress markers in subjects with T2DM. Furthermore, when data from noncompliant
subjects were removed, there was a suggestion that the higher dose of NAC may in fact have
a detrimental effect on glucose levels.

This study is novel in its assessment of the effect of NAC supplementation on -cell function
and glucose tolerance in addition to oxidative stress markers in T2DM human subjects.
Previous studies in subjects with T2DM, have demonstrated benefits of NAC including
improved endothelial function and decreased systolic blood pressure81° but did not assess
effects on glucose metabolism. The lack of effect of NAC on oxidant markers is
unanticipated given previous animal and human studies that reported positive anti-oxidant
effects with this particular supplement2?-18 The finding that NAC did not improve glucose
tolerance or B-cell function in this study does not eliminate the possibility that oxidative
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stress may still be an important contributor to the chronic deterioration of -cell function
leading to T2DM.

Reactive oxygen species inherently have extremely short half-lives and are difficult to
measure directly, and thus surrogate measures of oxidative stress are employed that quantify
the byproducts of oxidative stress. In this study, oxidative stress was assessed by the
endogenous cellular non-enzymatic antioxidant system, glutathione, as well as the
byproducts of lipid peroxidation, TBARS and urine F2a isoprostanes. However, ROS can
induce a variety of damaging cellular processes besides those evaluated in this study, such as
DNA oxidative lesions and damage to cell membrane integrity through induction of protein
and carbohydrate structural changes. NAC may selectively target some, but not all of these
pathways, potentially explaining the lack of effect in this study. Furthermore, assessment of
anti-oxidant function was limited to subjects who met criteria for T2DM based on fasting
plasma glucose, two-hour post oral glucose challenge, or HbA1C values. We specifically
studied this population as they have established hyperglycemia and also have been shown to
have decreased antioxidant capacity. NAC may have limited applicability as a therapeutic
anti-oxidant in already established disease where the oxidative burden is high, but our results
do not suggest that subjects with worse glycemic control, based on HbA1C or glucose
levels, had improved response to NAC treatment. While our results do not exclude use of
NAC as a preventative drug that might ameliorate oxidative stress in the setting of pre-
diabetes, the finding that glucose tolerance and fasting insulin levels tended to increase at the
higher NAC dose dampen enthusiasm. Furthermore, one study in 140 non-diabetic subjects
taking NAC 600 mg daily for 8 weeks found that NAC increased HOMA-IR in smokers and
obese subjects, but not in non-obese smokers, and also decreased glucose tolerance in obese
subjects, suggesting this is not an isolated effect?3.

We also considered that the timing of sample draw relative to NAC administration on the
day of OGTT may limit the effect seen. However, analysis performed on a subset of samples
comparing GSH and GSH/GSSG values before and 30 minutes after supplementation with
NAC found no differences (unpublished observations). This is consistent with the GSH half-
life of 4-5 days, despite a half-life of 6 hours for NAC24:25,

In summary, the lack of any short-term benefit from NAC on markers of glucose
metabolism, p-cell response, and oxidative status argues that it is unlikely to be a valuable
therapeutic approach for treatment of type 2 diabetes. However, future studies investigating a
combination of different anti-oxidants with NAC or use in subjects with IFG and/or IGT are
needed to fully evaluate the utility of antioxidant use in various stages of islet dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

NAC dose

No significant differences in the incremental AUC glucose or fasting insulin were seen for
subjects on Metformin (A and C) or not on Metformin (B and D) with use of low dose or

high dose NAC.
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