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Purpose: Painful diabetic neuropathy (PDN) is a variant of diabetic peripheral neuropathy

which is highly prevalent and distressing in diabetic patients. Despite its high burden, the

optimal treatment of PDN has remained a clinical challenge. To explain the emergence and

maintenance of PDN, increasing attention has been focused on dimensions of inflammation

and oxidative toxic stress (OTS). Accordingly, the aim of this study was to investigate the

effects of oral N-acetylcysteine (NAC), an agent with known anti-oxidant and anti-inflam-

matory effects, as an adjunct therapy in patients suffering from PDN.

Patients and methods: 113 eligible patients with type 2 diabetes suffering from PDN were

randomly assigned to either the pregabalin + placebo or pregabalin + NAC group for 8 weeks

(pregabalin at a dose of 150mg per day,NAC andmatched placebo at doses of 600mg twice a day).

Mean pain score was evaluated at baseline, week 1, 2, 4, 6, and 8 of the study based on the mean

24 hr average pain score, using an 11-point numeric rating scale (NRS). As secondary efficacy

measures, mean sleep interference score (SIS) resulting from PDN, responder rates, Patient Global

Impression of Change (PGIC), Clinical Global Impression of Change (CGIC), and safety were also

assessed. Additionally, serum levels of total antioxidant capacity (TAC), total thiol groups (TTG),

catalase activity (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD), nitric oxide

(NO), and malondialdehyde (MDA) were assessed at baseline and at the end of the study.

Results: Ninety patients completed the eight-week course of the study. The decrease in mean pain

scores and mean sleep interference score in pregabalin + NAC group was greater in comparison

with pregabalin + placebo group (p value<0.001 in both conditions). Moreover, more responders

(defined as ≥50% reduction in mean pain score from baseline to end-point) were observed in the

pregabalin + NAC group, in comparison with pregabalin + placebo group (72.1% vs 46.8%).More

improvement in PGIC and CGIC from baseline to the end of the study was reported in pregabalin +

NAC group. Oral NAC had minimal adverse effects and was well tolerated in almost all patients.

Furthermore, in respect to OTS biomarkers, adjuvant NAC significantly decreased serum level of

MDA and significantly increased serum levels of SOD, GPx, TAC, and TTG.

Conclusion: The pattern of results suggests that compared to placebo and over a time period of 8

weeks, adjuvant NAC is more efficacious in improving neuropathic pain associated with diabetic

neuropathy than placebo. Ameliorative effects ofNAConOTSbiomarkers demonstrated that NAC

may alleviate painful symptoms of diabetic neuropathy, at least in part by its antioxidant effects.
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Introduction
Diabetic neuropathy is the most common long-term microvascular complication of

diabetes mellitus (DM), present in up to 50% of all diabetic patients with a long-standing
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disease. Diabetic neuropathy is a heterogeneous set of clinical

or subclinical manifestations which is associated with loss of

peripheral nerve fibers.1 Distal symmetric polyneuropathy is

the most prevalent form of diabetic neuropathy which is

characterized by a progressive loss of distal sensation. Up to

50% of patients with distal symmetric polyneuropathy may

experience sensory symptoms, either negative or positive

ones. Pain is one of the most frequent symptoms in diabetic

neuropathy, which is called painful diabetic neuropathy

(PDN).2 PDN is characterized by burning, tingling (“pins

and needles” or paresthesia), shooting (electric-shock like),

lancing (stabbing) or unusual sensations. The severity of

pain is moderate to severe in most patients and typically

worsens during the night, resulting in sleep disturbance.3 The

constant and unremitting nature of the pain can be distressing

and can have amajor impact on quality of life of patients and it

has a negative influence on their mood and their ability to

perform daily activities.4

Despite its high burden, the optimal treatment of PDN,

because of its unclear mechanisms, has remained a clinical

challenge. Although near-normoglycemia is generally

accepted as the first approach in prevention of PDN,

tricyclic agents (TCAs), serotonin–norepinephrine reup-

take inhibitors (SNRIs) or γ-aminobutyric acid (GABA)

analogs (gabapentin or pregabalin), followed by opioids

and topical treatments are frequently used for symptomatic

management of PDN. However, at best they are only

partially effective because they do not influence the under-

lying pathologies and usually have several adverse

effects.5,6 An understanding of pathomechanisms respon-

sible for PDN pathogenesis can be helpful in introducing

new treatment strategies.

The exact pathophysiological mechanisms of PDN are

not fully understood and it is very likely to be multifactor-

ial. Changes in the blood vessels that supply the peripheral

nerves, metabolic and autoimmune disorders accompanied

by glial cell activation, changes in sodium and calcium

channels' expression, and central pain mechanisms such as

increased thalamic vascularity and imbalance of the facil-

itatory/inhibitory descending pathways, may be potential

mechanisms responsible for the development of PDN.7

Findings from numerous studies have implicated that

oxidative toxic stress (OTS) and neuroinflammation play a

critical role in the development and progression of diabetic

neuropathy.8 Hyperglycemia leads to overproduction of

reactive oxygen and nitrogen species (ROS/RNS) through

activation of numerous metabolic pathways such as polyol,

protein kinase C (PKC), advanced glycation end products

(AGE), and hexosamine pathways. Increased free-radical

production, along with defective antioxidant mechanisms

cause OTS and subsequent neuronal damage. Furthermore,

OTS enhances the production of various proinflammatory

mediators via inducing activation of transcription factors,

such as nuclear factor kappa enhancer of B cells (NF-κB),
leading to neuronal damage.9 In addition to these mechan-

isms, impaired mitochondrial function stands at a central

position in the pathogenesis of diabetic neuropathy. It has

been hypothesized that high glucose concentration

increases production of ROS/RNS through driving exces-

sive electron donation to the respiratory chain in mito-

chondria, causing mitochondrial dysfunction. On the

other hand, mitochondrial dysfunction has the ability to

induce OTS and aggravate progression of nerve damage

via increasing ROS/RNS production.10,11 Impaired cal-

cium homeostasis due to mitochondrial dysfunction is

also associated with overproduction of ROS/RNS.12,13

Increasing cell apoptosis and defects in axon transport

resulting from mitochondrial dysfunction may be other

contributing factors which augment these pathological

conditions.14,15 Moreover, recent studies revealed that dur-

ing the hyperglycemic diabetic state, activation and

expression of matrix metalloproteinase (MMPs), a group

of metal-dependent endopeptidases which have an impor-

tant role in extracellular matrix (ECM) remodeling, speci-

fically MMP-2 and MMP-9, are triggered by various

pathogenic mediators, including ROS/RNS and proinflam-

matory cytokines. MMPs' overactivity can lead to extra-

cellular matrix (ECM) disturbances which alter neuronal

structures and functions directly or indirectly.16,17

Thus, it seems that activation of various pathogenic

pathways can cumulatively cause structural nerve damage.

Eventually, the damage to the nerves causes hyperexcit-

ability in the peripheral and central neurons, causing the

generation of spontaneous impulses in the axons and the

dorsal root ganglia of the nerves, which leads to precipita-

tion of the neuropathic pain.18

These causative mechanisms suggest the possible role of

anti-oxidant and anti-inflammatory agents in the treatment of

PDN. Within the past decade, the effectiveness of several

antioxidant agents, such as alpha lipoic acid, vitamin E, and

acetyl-L-carnitine has been investigated in patients with

PDN,19–21 among which alpha-lipoic acid was shown to

have therapeutic efficacy.22 In addition, natural agents such

as curcumin, resveratrol, and melatonin, as well as mitochon-

dria targeted antioxidants have shown promising effects in

the preclinical models of diabetic neuropathy.23,24
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One candidate molecule known to affect all these men-

tioned pathological pathways is N-acetylcysteine (NAC).

NAC is a cysteine prodrug and glutathione (GSH) precursor

with well-known anti-oxidant and anti-inflammatory

properties.25 NAC exhibits potent anti-oxidant activity in the

cell through augmentation of intracellular glutathione (GSH),

which is amajor component of the pathways bywhich cells are

protected from OTS, and its direct scavenging activity of free

radicals by providing sulfhydryl groups.26 Additionally, NAC

treatment exhibits anti-inflammatory effects via inhibition of

NF-κB activation and reducing subsequent cytokine

production.27 Mitochondria-protective mechanisms of NAC

may also be related to its anti-oxidant and anti-inflammatory

properties.28 Moreover, some recent evidence showed NAC

can induce analgesia in animal models of inflammatory and

neuropathic pain via suppression of MMPs and inhibition of

nociceptive responses.29,30 As a result, these multiple mechan-

isms of action have raised the possibility that NAC might be

potentially useful for managing PDN.

To the best our knowledge, there has been no clinical

study exploring the influence of oral NAC on management

of PDN. Hence, the aim of this study was to evaluate the

effects of oral NAC as adjunct therapy on pain manage-

ment in patients with type 2 diabetes suffering from PDN.

We also investigated the modulatory effects of oral NAC

on serum levels of OTS biomarkers, as the main mechan-

ism of its action in management of PDN.

Materials And Methods
This was a randomized, double-blind, 8-week placebo-con-

trolled clinical trial study which was conducted in an out-

patient specialty clinic affiliated to Hamadan University of

Medical Sciences, Hamadan, Iran, from August 2018 until

June 2019. Eligible patients were fully informed about the

study aims and the confidential and anonymous data handling.

Participants signed the written informed consent, and were

randomly assigned either to the intervention or the control

group. The Ethics Committee of Hamadan University of

Medical Sciences approved the study protocol, which was

performed in accordance with the rules laid down in the

Declaration of Helsinki and its later amendments. The study

was registered at the Iranian Registry of Clinical Trials

(IRCT20150629022965N19; www.irct.ir).

Participants
Inclusion criteria at the screening visit were as follows:

males or females between the ages of 18 and 75 years old,

diagnosed with type 2 DM for ≥1 year, HbA1c (A1C)

<10%, stable antidiabetic treatment regimen ≥1 month

and maintaining the same treatment regimen during the

study, painful distal symmetrical and sensorimotor poly-

neuropathy attributable to DM ≥3 months, score of

≥40 mm on the visual analog scale of the short-form

McGill Pain Questionnaire (SF-MPQ), and average daily

pain score ≥4 based on an 11-point (0–10) numeric rating

scale (NRS) during the last week before beginning study.

At baseline and during the study period patients were

excluded if any of the following exclusion criteria was

met: creatinine clearance (CLcr) ≤ 30 mL/min calculated

according to the Cockcroft & Gault formula,31 patients

with acute and chronic inflammatory conditions, consum-

ing any antioxidant supplements or anti-inflammatory

medicines other than prescribed medications, pregnancy

or lactation or expecting to get pregnant during the study,

medical, psychological, or pharmacological factors inter-

fering with the collection or interpretation of study data,

non-adherent to the treatment (using the medication for

less than 80% of study period), and presence of any

adverse effects resulting in patients’ intolerance or

complications.

Intervention
113 patients who met the inclusion/exclusion criteria were

allocated to either the pregabalin + NAC treatment group

(intervention group; n=57) or pregabalin + placebo treat-

ment group (control group; n=58) by block randomization

method using a block size of 4 in a 1:1 ratio. The rando-

mization was provided by an independent statistician to

ensure that groups were matched for age, sex, and body

mass index (BMI) where possible. Also, both the study

participants and the investigators were blinded to the study

medication.

All subjects were taken off any pain medication for two

weeks before participating in the trial. After this washout

period, the study patients were assigned to receive either

pregabalin + placebo or pregabalin + NAC for 8 weeks.

Pregabalin tablets at a dose of 150 mg per day at bed time

were administered to all patients. Additionally, subjects

according to their group allocation, were instructed to take

600 mg effervescent tablet of NAC or placebo twice a day

for 8 weeks. Placebo tablets were visually identical to the

NAC tablets and were prepared and packaged by the man-

ufacturer of the NAC tablets (Osveh Pharmaceutical

Company, Tehran, Iran). Adherence to treatment was deter-

mined by counting drugs left in the container at the end of
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each visit and patients were considered adherent to treat-

ment if at least 80% of all doses were taken.

Efficacy Measures
The primary efficacy variable was weekly mean pain score

which was evaluated based on the mean 24 hr average pain

score reported in the daily patient diary. In the daily pain

diary, patients described their pain during the previous 24

hrs using an 11-point NRS (0 = “no pain” and 10 = “worst

possible pain”).

Secondary efficacy end-points included responder rates

(defined as ≥50% reduction in mean pain score from base-

line to end-point) and weekly mean sleep interference score

(SIS) to evaluate the degree of sleep interference resulting

from PDN. Similar to the patient’s pain score, sleep score

was recorded by the patients daily in their daily sleep

diaries on an 11-point NRS (0=“does not interfere with

sleep” and 10=“completely interferes/unable to sleep”).

Additionally, Patient Global Impression of Change (PGIC)

and Clinical Global Impression of Change (CGIC) were

recorded at the end of the study. PGIC and CGIC are self-

evaluation and physician’s evaluation of the patient’s over-

all change since the start of the study on a 7-point scale (1 =

very much improved; 2 = much improved; 3 = minimally

improved; 4 = no change; 5 = minimally worse; 6 = much

worse; 7 = very much worse).32

To evaluate the adverse effects of medications, all

patients were asked at each visit if they had experienced

any possible adverse effects and type and severity of

adverse effects were recorded.

Measurement Of Inflammatory And OTS

Biomarkers
5 mL fasting blood samples were taken from all recruited

patients at the baseline and at the end of 8-week treatment

period. Samples were centrifuged for 10 min. Serum speci-

men was separated and stored at −70°C until completion

of all the samples. All samples were assessed in duplicate.

TAC, as a total antioxidant capacity, was measured by

the ferric-reducing ability of plasma (FRAP method) and

was expressed as micromoles per liter (µmol/L).33 Total

thiol groups (TTG), as a major portion of the total body

antioxidants, was measured by spectrophotometric assay

based on Ellman’s method and was expressed as micro-

moles per liter (μmol/L).34 Superoxide dismutase (SOD),

glutathione peroxidase (GPx), and catalase (CAT) serum

activities were determined using spectrophotometry

according to commercially available kits (Zelbio co.,

Germany) and serum GPx and SOD levels were presented

as units per milliliter serum (U/mL) and CAT levels as

milliUnits per milliliter serum (mU/mL). Malondialdehyde

(MDA), as an indicator of final products of lipid peroxida-

tion was measured using the thiobarbituric acid-reactive

substances method, as described by Botsoglou,35 and was

expressed as nmol/mL. Nitric oxide (NO), as main reactive

nitrogen species was measured by using commercially

available kits from Cayman Chemical Company based on

determining the total nitrate/nitrite level and results were

expressed as μmol/L.

Statistical Analyses
Per protocol analysis was exploited to analyze data of all

individuals who completed the study. Data were analyzed

using the SPSS for windows (SPSS Inc., Chicago, IL,

USA) version 16 software. Mean ± standard deviation

(SD) was used to express continuous variables.

Categorical variables were reported as percentages. Mean

(SD) of continuous variables was compared between two

groups using independent t-test and the distribution of

categorical variables between two groups was compared

using Chi-squared or Fisher's exact test (if more than 20%

of the categories were expected to have frequencies less

than 5). Moreover, to compare means of variables includ-

ing mean pain score and mean sleep interference score

between two groups over time, as dependent variables,

and control of their baseline differences, General Linear

Model (GLM) ANOVA repeated measure was used to

analyze data. Because of the deviation from sphericity

assumption, we used Greenhouse-Geisser correction to

perform ANOVA results. Moreover, effect sizes were

extracted from Partial Eta Square (PES). Accordingly, we

considered effect size as Small [S] if PES was less than

0.06, Medium [M] if PES was 0.06 <PES<0.13, and Large

[L] if PES was greater than 0.14. P-values less than 0.05

were considered as significant.

Results
Totally, 113 patients who met the inclusion/exclusion cri-

teria were divided into either intervention or control group

by block randomization method. Twenty-three patients

were excluded from the study due to experiencing intoler-

able adverse effects (7 patients), loss to follow up (9

patients), and using the medication for less than 80% of

study period (7 patients). Ten patients in pregabalin +

placebo group and 13 patients in pregabalin + NAC
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group were withdrawn from the study. Consequently, 90

patients completed the trial period (47 patients in prega-

balin + placebo group and 43 patients in pregabalin +

NAC group). As mentioned in the statistical analysis, all

of the following results were related to 90 patients who

completed the 8 weeks of the study. Figure 1 shows the

flow diagram of trial participants.

There were no significant differences between inter-

vention group and control group regarding demographic

characteristics. Of the included patients, 25.56% (23

patients) were male and 74.44% (67 patients) were female

and the gender distribution was in favor of females in both

groups (80.9% and 83.7% in control and intervention

groups, respectively). The patients’ age ranged from

36–70 years with the mean ± SD age of 58.09 ± 7.90

years. The mean duration of diabetes and PDN in the

study patients was 9.5 ± 5.9 years (ranged from 1–23

years) and 16.5 ± 12.4 months (ranged from 4–72 months),

respectively. Concomitant medications for diabetes control

were also similar between treatment groups (P-value =

0.31). Nearly half of the participants used insulin therapy

for blood glucose control. The demographic and clinical

data of the patients are shown in Table 1.

Primary Efficacy Measure
The study groups were similar with respect to the 24 hr

NRS average pain score at baseline (8 ± 1.18 in pregabalin

+ placebo group and 8.51 ± 1.36 in pregabalin + NAC

group; P-value=0.06) (Table 1). Although there was a

statistically significant decrease in 24 hr NRS average

pain score in both groups over time (P-value<0.001 in

both groups), the mean change in 24 hr NRS average

pain score at the end of the study period (week 8) was

significantly greater in pregabalin + NAC group compared

Figure 1 The flow diagram of the study.
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with pregabalin + placebo group (−5.20 ± 1.91 vs −3.45 ±

1.50; P-value <0.001) (Table 2). Also, the general linear

model analysis demonstrated that relatively comparable

decreases in mean pain scores were observed in both

groups by the end of week 2, but thereafter until end of

the study (week 8), the decreases in mean pain scores in

pregabalin + NAC group were greater compared with

pregabalin + placebo group with large treatment-effect

sizes (F=14.5; df=2.9; effect size = 0.14; P-value<0.001)

(Figure 2A). Therefore, combining pregabalin with NAC

had significant effect on reducing the 24 hr NRS average

pain score over time.

With respect to responder rate (defined as ≥50% reduction

inmean pain score from baseline to end-point) at the end of the

study period, 46.8% (22 out of 47 patients) in the pregabalin +

placebo group compared to 72.1% in the pregabalin + NAC

group (31 out of 43 patients) were responders, which was a

statistically significant difference (P-value=0.02).

Table 1 Patient Demographics And Baseline Characteristics

Variables Pregabalin +

Placebo (n=47)

Pregabalin +

NAC (n=43)

Total (n=90) P-value

Qualitative Variables N (%)

Sex Male 9 (19.1%) 7 (16.3%) 16 (17.8%) 0.78

Female 38 (80.9%) 36 (83.7%) 74 (82.2%)

Comorbidities Hypertension

Hyperlipidemia

Ischemic heart disease

Other disease

26 (55.3%)

27 (57.4%)

15 (31.9%)

10 (21.3%)

23 (53.5%)

28 (65.1)

9 (20.9%)

8 (18.6%)

49 (54.4%)

55 (65.1%)

24 (26.7%)

18 (20%)

1.00

0.52

0.34

0.79

Diabetes treatment Insulin

Oral drugs

Combination of insulin and oral drugs

27 (57.4%)

11 (23.4%)

9 (19.1%)

18 (23.4%)

14 (32.6%)

11 (25.6%)

45 (50.5%)

25 (25.6%)

20 (22.2%)

0.31

Quantitative Variables Mean ± SD P-value

Age (years) 57.47 ± 9.04 58.77 ± 6.48 58.09 ± 7.90 0.43

BMIa (kg/m2) 28.52 ± 4.96 27.34 ± 5.06 27.94±527 0.33

Duration of diabetes (years) 8.76 ± 5.85 10.42 ± 5.84 9.55 ± 5.87 0.18

Duration of PDNb (month) 16.96 ± 14.80 16.30 ± 9.50 16.64 ± 12.43 0.80

Paraclinical findings HbA1Cc (%)

Creatinine (mg/dL)

TGd (mg/dL)

LDLe (mg/dL)

HDLf (mg/dL)

BUNg (mg/dL)

8.08 ± 1.08

1.16 ± 0.31

186.21 ± 88.24

104.19 ± 32.95

43.83 ± 12.38

20.09 ± 9.17

7.79 ± 0.90

1.26 ± 0.29

177.65 ± 61.38

111.25 ± 40.09

41.88 ± 8.52

22.70 ± 9.85

58.09 ± 7.90

9.55 ± 5.87

186.18 ± 76.30

107.56 ± 36.50

42.90 ± 10.70

21.33 ± 95

0.17

0.10

0.59

0.36

0.39

0.19

Pain severity (NRS)h 8 ± 1.18 8.51 ± 1.36 8.24 ± 1.30 0.07

Sleep score (SIS)i 8.17 ± 1.12 8.58 ± 1.18 8.37 ± 1.37 0.09

Notes: aBody mass Index; bpainful diabetic neuropathy; chemoglobin A1c; dtriglyceride; elow-density lipoprotein; fhigh-density lipoprotein; gblood urea nitrogen; hNumerical

Rating Scale; isleep interference score.

Table 2 Mean Changes In NRS And SIS Scores From Baseline To Week 8 (Study End) By Treatment Group

Variables Pregabalin + NAC Group

(n = 43)

Pregabalin + Placebo Group

(n = 47)

Difference Between

Groups (95% CI)

P-value

NRSa Mean change (SD) −5.20 (1.91) −3.45 (1.50) 1.76 (1.05, 2.49) <0.001

SISb Mean change (SD) −5.60 (1.53) −3.91 (1.53) 1.69 (1.03, 2.33) <0.001

Notes: aNumerical Rating Scale; bsleep interference score.
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Secondary Efficacy Measures
At baseline, the mean sleep interference score resulting from

PDN was comparable in the two treatment groups (Table 1).

The mean sleep interference scores in both the pregabalin +

NAC and pregabalin + placebo group showed an improvement

from baseline to week 8, but the mean changes of sleep score

from baseline to week 8 were more favorable for pregabalin +

NAC treated patients compared to pregabalin + placebo trea-

ted patients (−5.60 ± 1.53 vs −3.91 ± 1.53; P-value <0.001)

(Table 2). Also, as shown in Figure 2B the general linear

model analysis demonstrated that between the 2 groups, treat-

ment-effect size for mean differences of the sleep interference

score was medium at week 8 (F=13.5; df =3.9; effect

size = 0.13; P-value<0.001).

At the end of the study, the percentage of patients reporting

“very much improved” in global impression of change (PGIC)

was greater in the pregabalin + NAC group compared to the

pregabalin + placebo group (39.5 vs 17%), with significant

between-group difference (P-value=0.02) (Figure 3A). Also,

the CGIC findings paralleled the PGIC results, with a

Figure 2 (A) Mean pain score as measured on an 11-point numerical pain rating scale from 0 (no pain) to 10 (worst possible pain) at different time points during study (P-

value<0.001). (B) Mean sleep interference score as rated on an 11-point scale from 0 (did not interfere) to 10 (unable to sleep due to pain) at different time points during

study (P-value<0.001).

Figure 3 (A) Patient Global Impression of Change (PGIC), (P-value=0.03). (B) Clinical Global Impression of Change (CGIC), (P-value=0.02).
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statistically significant difference favoring pregabalin + NAC

treatment modality (P-value=0.03) (Figure 3B). At the final

visit, the physician reported “very much improved” and

“much improved” in CGIC in 30.2% and 55.8% of the prega-

balin + NAC treated patients and in 23.4% and 36.2% of the

pregabalin + placebo treated patients.

Safety
A summary of the most common treatment-related adverse

events has been shown in Table 3. The most commonly

reported adverse effects by the study patients regardless of

treatment group were somnolence and dizziness. All of the

adverse events were mild or moderate in intensity and none

of the reported adverse effects were serious or caused com-

plication for the patients. Regardless of treatment group,

patients generally tolerated the treatment well. As shown in

Table 3, there were no significant differences regarding the

incidence of adverse effects between the study groups. No

reported adverse effects were significantly more common in

the pregabalin + NAC group compared with the pregabalin +

placebo group. Therefore, it seems that almost all the

reported adverse effects were caused by pregabalin treatment

and oral NAC was well tolerated, demonstrating comparable

safety to placebo.

Changes In Oxidative Stress Biomarkers;

From Baseline To The End Of The Study,

And Between The Groups
As shown in Table 4 at baseline, there were no significant

differences in the serum levels of OTS biomarkers including

TTG, TAC, GPx, CAT, SOD, NO, and MDA between the

pregabalin + NAC and pregabalin + placebo groups. After 8

weeks of treatment, the serum levels of TTG, GPx, and SOD

were significantly higher in the pregabalin + NAC group

compared to the pregabalin + placebo group (P-value = 0.02,

<0.001, and <0.001, respectively). Also, at 8th week of treat-

ment, the MDA levels were significantly lower in the prega-

balin + NAC group compared to the pregabalin + placebo

group (P-value <0.001). Additionally, mean changes in the

serum levels of TTG, TAC, MDA, GPx, and SOD from base-

line to 8th week of the treatment showed significant difference

between the two groups, in favor of the pregabalin + NAC

group. Although after 8 weeks of treatment, mean changes of

the serum levels of CAT and NO were more favorable in the

pregabalin +NACgroup compared to the pregabalin + placebo

group, their changes did not display significant differences

either in the inter- or the intra-group comparisons over time.

In summary, adjuvant NAC significantly decreased

serum level of MDA and significantly increased serum

activities of SOD and GPx, as well as serum levels of

TAC and TTG.

Discussion
Our study was the first to evaluate the influence of NAC

supplementation in patients with PDN in a randomized,

double-blind and placebo-controlled study. The key find-

ings of the present study were as follows: NAC as adjunct

therapy is more efficacious in improving neuropathic pain

associated with diabetic neuropathy compared to placebo,

and proportion of patients responding to treatment was

higher in the pregabalin + NAC group compared to the

pregabalin + placebo group. Next, ameliorative effects of

NAC on OTS biomarkers indicated that NAC may alle-

viate painful symptoms of diabetic neuropathy, at least in

part by its antioxidant effects.

Around a fifth of people with DM develop PDN which

can substantially impair quality of life in patients already

burdened with chronic disease.36 Although a wide range of

treatment options is available in patients with PDN, treat-

ment outcomes are often unsatisfactory, due to partial

effectiveness and associated side effects.37 On the other

hand, current therapies for PDN aim to mask symptoms

and do not influence the course of neuropathy; while

pathogenetic treatments targeting the underlying molecular

and cellular mechanisms involved in PDN, may delay,

stop, or reverse the progression of neuropathy and may

also alleviate pain.38 Despite the fact that the etiology of

diabetic neuropathy has remained unclear, strong and

growing evidence supports the important roles of mito-

chondrial dysfunction, OTS, and neuroinflammation in

neuronal damage in diabetic patients. The dysregulation

in these pathways by structural and functional changes at

Table 3 Frequency Of Drug Related Adverse Effects Among

Patients In Each Group

Adverse

Effects

N (%)

Treatment Group P-value

Pregabalin +

NAC

(N=43)

Pregabalin +

placebo (N=47)

Somnolence 11 (25.6%) 9 (19.1%) 0.61

Dizziness 8 (18.6%) 6 (12.8%) 0.56

Nausea 8 (18.6%) 3 (6.4%) 0.11

Vomiting 2 (4.7%) 1 (2.1%) 0.60

Edema 1 (2.3%) 3 (6.4%) 0.61

Headache 4 (9.3%) 1 (2.1%) 0.19
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the level of both peripheral and central nervous systems

can impair normal neuronal process, resulting in pain

generation and maintenance.39–41 Considering these patho-

logic pathways, a large number of experimental studies

have focused on the effects of antioxidant and anti-inflam-

matory agents in the prevention and treatment of diabetic

neuropathy.42–46 These studies mostly demonstrated effec-

tiveness of these agents in the prevention and treatment of

neuropathic symptoms. However, there are limited num-

bers of published clinical studies regarding the use of

antioxidants and anti-inflammatory agents in the treatment

of diabetic neuropathy.44,47

NAC’s robust antioxidant and anti-inflammatory proper-

ties and its excellent safety profile have made it a reasonable

choice in prevention and treatment of diabetic-associated

complications. Previous studies have demonstrated the favor-

able effects of NAC supplementation on dyslipidemia and

carbohydrate metabolism.48,49 Furthermore, NAC has shown

protective effects against diabetes-associated cardiovascular

complications and diabetic nephropathy.50,51 Recently,

potential applications of NAC in prevention and treatment

of peripheral neuropathy resulting fromDM and other patho-

logical conditions have been investigated in several experi-

mental studies. In this regard, a study by Kunitomo et al

showed that oral administration of NAC can alleviate thermal

hyperalgesia in experimental diabetic neuropathy. They also

found that supplementation with NAC can show protective

effect against progression of diabetic neuropathy through

attenuation of oxidative stress conditions and apoptosis.52

In another study, oral administration of NAC inhibited func-

tional and structural abnormalities of the peripheral nerve in

diabetic rats irrespective of blood glucose concentrations.

This study concluded that protective effect of NAC on per-

ipheral neurons is probably mediated through its modifica-

tion effects on OTS and inflammatory biomarkers.53 Results

of another study showed that overproduction of ROS plays a

major role in cisplatin-induced apoptotic neuronal cell death,

and preincubation with NAC can decrease cisplatin-induced

sensory neuropathy, probably via blocking the apoptosis

pathways.54 Also, results of Naik et al’s study in the

Table 4 The Serum Level Of OTS Biomarkers Of Two Groups, At Baseline And 8 Weeks After Treatment

Variable Group Baseline 8 Weeks After Treatment Mean Difference P-value

Mean ± SD Mean ± SD

TACa (nmol/mL) Pregabalin + NAC 0.78 ± 0.14 0.85 ± 0.18 0.077 ± 0.13 <0.001

Pregabalin + placebo 0.81 ± 0.13 0.83 ± 0.12 0.021 ± 0.065 0.06

P-value 0.28 0.44 0.01*

TTGb (mm) Pregabalin + NAC 0. 35 ± 0.04 0.38 ± 0.07 0.04 ± 0.05 <0.001

Pregabalin + placebo 0.33 ± 0.05 0.35 ± 0.06 0.002 ± 0.03 0.63

P-value 0.08 0.02 <0.001

CATc (mU/mL) Pregabalin + NAC 542.70 ± 50.38 550.70 ± 53.00 7.10 ± 40.41 0.20

Pregabalin + placebo 555.60 ± 35.37 560.43 ± 36.41 4.83 ± 20.36 0.11

P-value 0.16 0.31 0.64

MDAd (nmol/mL) Pregabalin + NAC 36.07 ± 5.46 28.25 ± 7.11 −7.82 ± 6.09 <0.001

Pregabalin + placebo 34.98 ± 4.17 33.61 ± 6.23 −1.37 ± 5.16 0.08

P-value 0.28 <0.001 <0.001

NOe (µm) Pregabalin + NAC 67.54 ± 3.55 66.38 ± 7.85 −1.21 ± 7.37 0.29

Pregabalin + placebo 66.60 ± 3.42 65.45 ± 5.85 −1.14 ± 5.32 0.15

P-value 0.18 0.52 0.96

SODf (U/mL) Pregabalin + NAC 1.36 ± 0.46 1.65 ± 0.46 0.29 ± 0.39 <0.001

Pregabalin + placebo 1.46 ± 0.38 1.49 ± 0.45 0.03 ± 0.26 0.36

P-value 0.30 0.10 <0.001*

GPxg (U/mL) Pregabalin + NAC 9.26 ± 2.14 12.18 ± 2.22 2.91 ± 1.46 <0.001

Pregabalin + placebo 9.89 ± 1.91 10.22 ± 2.38 0.33 ± 1.72 0.20

P-value 0.15 <0.001 <0.001

Notes: atotal antioxidant capacity; btotal thiol groups; ccatalase activity; dmalondialdehyde; enitric oxide; fsuperoxide dismutase; gglutathione peroxidase.
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experimentally induced chronic constriction injury (CCI) of

sciatic nerve of rats showed that endoneurial oxidative stress

plays a critical role in generation of neuropathic pain in CCI

model, and NAC can cause significant reduction in mechan-

ical, thermal and cold hyperalgesia in CCI rats, probably

through ROS scavenging.55 Similar to these findings, another

study in an experimental model of CCI in rats revealed that

the pain relieving effect of NAC may be related to its mod-

ulation effects on oxidative-stress parameters in the spinal

cord.56 There are limited clinical trials about influence of

NAC supplementation on treatment of neuropathic pain. In

this regard, a pilot study on colorectal cancer patients receiv-

ing postoperative adjuvant oxaliplatin combined with fluor-

ouracil chemotherapy regimen indicated that oral NAC can

reduce the incidence of oxaliplatin-induced neuropathy in

colon cancer patients.57 It seems that NAC can prevent

oxaliplatin-induced neuropathy through increasing whole

blood concentrations of glutathione and decreasing the accu-

mulation of platinum metabolites within the peripheral ner-

vous system.58 Also, in our previous clinical trial, we found

that supplementation with NAC as adjuvant therapy to a

standard medication significantly improved pain symptoms

in patients suffering from rheumatoid arthritis (RA).59

Ameliorative effects of NAC on inflammatory and oxidative

stress biomarkers may be the mechanism responsible for its

beneficial effects on pain symptoms in RA patients.60 In

accordance to these studies, the present study also provided

further evidence that NAC can be efficacious in improving

neuropathic pain associated with diabetic neuropathy, at least

in part via ameliorative effects on oxidative stress.

Recent studies on neuropathic pain mechanisms have

revealed that over-expression and activity of MMPs are

also critical to the development of neuropathic pain.

Increased MMPs' activity, especially MMP2 and MMP9,

due to their facilitation of inflammatory cytokine matura-

tion and induction of neural inflammation, is associated

with neuronal injury, leading to precipitation of neuro-

pathic pain.61 Therefore, MMPs inhibitors may be consid-

ered as a potential therapeutic strategy in the management

of neuropathic pain. Activation of MMP-9/2 is dependent

on the modification of the cysteine residue, and reaction of

ROS with thiol groups can activate both MMP-2 and

MMP-9.62 Furthermore, experimental studies suggest that

proinflammatory cytokines, such as IL-1 and TNF-α can

also stimulate the synthesis of MMPs.63 Therefore, the

pharmacologic modalities that can prevent the oxidation

of cysteine residue on MMP-9/2, such as NAC which

contains abundant cysteine residues, may have potential

ability to interfere with the activation of MMP-9/2. In this

regard, results of a recent experimental study by Li et al on

CCI-induced neuropathic pain in rats showed NAC sig-

nificantly attenuated neuropathic pain through powerful

inhibition of the activation of MMPs.29 Activation of

MMP-9/2 also plays an important role in opioids-mediated

nociception. Considering this fact, results of another study

in a rat model of incisional pain demonstrated that NAC

can attenuate the development of remifentanil-induced

postoperative hyperalgesia via inhibiting MMP-9 activa-

tion in dorsal root ganglia.64

In addition to the pathological pathways mentioned

previously, recent discoveries have shown that elevated

glutamatergic neurotransmission in the CNS is associated

with different types of pain, especially neuropathic pain.65

Therefore, it seems that ionotropic or metabotropic gluta-

mate receptors can be considered as potential targets for

treatment of neuropathic pain.66 Results of some recent

experimental studies reported that an increase in expres-

sion or activation of type-2 metabotropic glutamate recep-

tors (mGluR2) can produce antinociceptive effects in

inflammatory and neuropathic pain models through redu-

cing glutamate release from primary afferent sensory

nerves.67,68 Preliminary evidence revealed that activation

of the mGluR2 is another potential mechanism responsible

for analgesic activity of NAC. Bernabucci et al in their

recent study on mouse models of inflammatory and neuro-

pathic pain, found that NAC could cause analgesia via

reinforcing the endogenous activation of mGluR2

receptors.69 Also, some other studies reported that NAC

treatment can reverse cocaine-induced metaplasticity and

reduce cocaine craving in humans through activation of

cystine-glutamate exchange and stimulation of extrasynap-

tic mGluRs.70,71

Taken together, these findings contribute to describe the

clinical efficacy of NAC in the treatment of different

chronic types of pain, especially neuropathic pain. The

excellent safety and tolerability of the natural antioxidants

such as NAC during long term treatment have made them an

attractive therapeutic modality in controlling pain com-

pared to conventional medications. Although, severe and

in some instances life-threatening anaphylactoid reactions

to intravenous administration of NAC have been reported,72

oral administration of NAC is relatively safe and has not

caused clinically significant adverse reactions even at doses

as high as 8000 mg/day. Mild gastrointestinal disturbance

such as nausea, vomiting, and heartburn are the only

adverse effects reported of oral administration of NAC.73
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Therefore, this margin of safety and excellent efficacy make

oral NAC an attractive therapeutic option in models of

inflammatory and neuropathic pain.

Despite the novelty of the findings, several limitations

warn against the overgeneralization of the results. The first

limitation of this study is the relatively small number of

subjects. More studies with larger sample sizes are war-

ranted. A second limitation of the present study is the

relatively short duration of the intervention. Similar stu-

dies are needed with longer follow-up duration to validate

our findings. Third, due to structural constraints, the num-

ber of studied biomarkers was limited, and serum levels of

other OTS and inflammatory biomarkers were not

assessed. Further, only two samples were taken from

each patient at baseline and 8 weeks after treatment.

Therefore, the quality of the data does not allow a deeper

inspection and understanding of the biochemical changes

of diabetic neuropathy. Fourth, the statistical data analysis

was performed per protocol, while an intent-to-treat ana-

lysis might have allowed observation of a modified pattern

of results. Last but not least, we used a relatively modest

dose of NAC in our study and we kept the NAC dosage

stable throughout the entire study, perhaps higher doses of

NAC would have allowed an even more favorable pattern

of results.

Conclusion
In conclusion, our study adds to the limited clinical data-

base regarding treatment of PDN. Considering the path-

ways in pathogenesis of diabetic neuropathy, including

oxidative stress and inflammation, agents with proven

antioxidant and anti-inflammatory properties such as

NAC can decrease pain symptoms in patients with diabetic

neuropathy, at least in part by improving oxidative bal-

ance. Further studies are needed to elucidate the exact

mechanisms of NAC supplementation in PDN.
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