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Abstract
Background  Evidences have shown that obesity is influenced by various factors, including various hormones such 
as thyroid hormones and the body’s metabolism rate. It seems that practical solutions such as weight loss diets 
and common drugs can affect these potential disorders. In this study, we investigate one of these common drugs, 
N-Acetylcysteine (NAC), on expressions of UCP1 and factors related to thyroid function in adults with obesity.

Methods and analysis  The current investigation was carried out as a randomized clinical trial (RCT) including 43 
adults with obesity who were potential candidates for bariatric surgery. These individuals were randomly divided into 
two groups: 600 mg of NAC (n = 22) or placebo (n = 21) for a duration of 8 weeks. Visceral adipose tissue was utilized 
in the context of bariatric surgery to investigate the gene expression of UCP1 and thyroid function. Polymerase chain 
reaction (PCR) was performed in duplicate for UCP1, DIO2, DIO3, THRα and β, and 18s RNA (as an internal control) using 
the provided instructions to investigate the expression of the respective genes.

Results  Our findings revealed that after 8 weeks compared to placebo, NAC caused a significant decrease in the 
expression of the DIO3 gene as one of the genes related to thyroid function and metabolism. However, regarding 
other related genes, no statistically significant was found (despite the increase in UCP1, DIO2, and THRα expression 
and decrease in THRβ expression). In addition, after adjustment of possible confounders, no significant effect was 
observed on anthropometric factors and serum levels of thyroid hormones.

Conclusion  The results of this study indicate that, following an 8-week period, NAC effectively decreases the 
expression of the DIO3 gene in the visceral fat tissue, in comparison to the placebo.
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Introduction
Obesity and overweight are recognized as a global epi-
demic and are spreading throughout the world [1]. 
Obesity, in particular, is recognized as a risk factor for 
acquiring non-communicable diseases [2, 3]. The causes 
of obesity have been attributed to environmental and 
genetic factors, as well as disruptions in energy balance, 
reduced basal metabolic rate, and changes in lifestyle [4]. 
On the other hand, numerous evidences have shown that 
obesity is related to hormonal disorders, for example, 
insulin resistance and hypothyroidism [5]. Obesity and 
thyroid dysfunction is a common disorder that frequently 
occurs among people, and a direct relationship between 
thyroid and obesity has been assumed [6]. Therefore, it 
seems that a practical solution including weight loss diets 
and supplements and common drugs can affect these 
potential disorders in people with obesity. Furthermore, 
there are several studies that suggest a link between adi-
pose tissue thermogenesis and weight gain. There are two 
types of thermogenic fat cells, brown and beige adipo-
cytes, that regulate energy balance [7]. It has been shown 
that the thermogenic protein UCP1 is associated with 
obesity-related metabolic diseases [8].

The search for pharmacological small molecules to 
induce browning of white adipose tissue is now a hot 
topic in obesity-related research. N-acetylcysteine (NAC) 
has recently garnered the interest of scientists. NAC is 
an amino acid that contains sulfur and is derived from 
acetylated cysteine [9]. The clinical use of this cysteine 
prodrug is due to its antioxidant property, free radical 
scavenger, and glutathione regeneration [9]. Moreover, 
there is compelling data indicating that NAC can effec-
tively treat metabolic disorders, including obesity and 
metabolic syndrome (MetS) [9–11]. Various mechanisms 
have been suggested to account for these health advan-
tages, such as the involvement of a group of enzymes 
called sirtuins (SIRTs), which are nicotinamide ade-
nine dinucleotide (NAD+)-oxidized protein-dependent 
deacetylases and adenosine diphosphate (ADP) ribosyl-
transferases [12, 13]. SIRTs are overexpressed and acti-
vated during the “browning” or transdifferentiation of 
white adipose tissue (WAT) into brown adipose tissue 
(BAT) [14]. Uncoupling proteins (UCPs) are among the 
protein family whose expression increases in this trans-
differentiation of adipose tissue [15]. UCPs, or uncou-
pling proteins, are transporters found in mitochondria 
that are involved in regulating body temperature and 
energy equilibrium. They are being investigated as a 
potential treatment for weight reduction. Three different 
isoforms of UCPs, namely UCP-1, UCP-2, and UCP-3, 
have been discovered in different tissues and the immune 

system [16, 17]. UCP expression levels are regulated by 
various factors, including dietary changes, free fatty acids 
(FFA), thyroid hormones, and transcription factors such 
as PPAR-γ and PPAR-α. These factors are involved in 
maintaining energy balance and regulating lipid metabo-
lism [16–18]. UCP-1 in WAT decreases body fat, which 
is caused by an increase in energy expenditure in trans-
genic mice [19]. Nevertheless, there is a dispute over the 
involvement of UCP-2 and UCP-3 in thermogenesis. 
UCP-1 also has a role in fatty acid oxidation and influ-
ences glucose tolerance and insulin sensitivity [20]. Con-
sidering the potential role of NAC in ameliorating body 
adipose tissue, insulin resistance, and dyslipidemia, it is 
hypothesized that these beneficial effects of NAC may 
occur through increased UCP1 expression [21, 22].

On the other hand, NAC may have potentially benefi-
cial effects on the level of hormones and the expression 
of thyroid-related genes by reducing oxidative stress and 
improving insulin resistance, which are clearly deranged 
in adults with obesity [23]. Some evidence suggests that 
thyroid hormone is regulated at the level of peripheral 
tissues through changing the expression of membrane 
transporters or intracellular deiodinases, which causes 
the conversion of pre-hormone T4 into active hor-
mone T3 [24]. Iodothyronine Deiodinase type 1 and 2 
(DIO1 and DIO2) are peripherally involved in this con-
version. On the contrary, Iodothyronine Deiodinase 
type 3 (DIO3) converts T4 to reverse T3 and T3 to T2 
through dioxidation of the inner ring [24]. On the other 
hand, evidence shows the role of these deiodinases and 
even receptors associated with thyroid hormones in obe-
sity and insulin resistance [25]. So that the disruption 
in DIO2 and thyroid hormone receptors (THRα) gene, 
unlike DIO3 gene, caused a decrease in fat metabolism 
along with an increase in insulin resistance and visceral 
obesity, which indicates the beneficial function of this 
deiodinase to prevent the development of obesity [25, 
26]. Hypoxia or ischemia caused by chronic inflamma-
tion such as obesity and metabolic syndrome can induce 
the re-expression of different types of deiodinase [25, 27]. 
This suggests that inactivating thyroid hormone through 
reducing the level of inflammation such as weight loss or 
antioxidant drugs such as NAC is important in these con-
ditions (28).

Finally, induction of UCP1 and improvement of thy-
roid hormone function at the level of adipose tissue 
using NAC could probably be a suitable strategy along 
with common treatments for obesity, i.e. diet therapy 
and increasing physical activity in reducing obesity-
related disorders. Therefore, the present study will be 
conducted with the aim of determining the effects of 
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supplementation with N-acetylcysteine on the expression 
of UCP1, DIO2 DIO3 genes as well as thyroid hormone 
alpha and beta receptors genes in visceral fat tissue of 
adults with obesity.

Material & methods
Participants
The present investigation is a double-blind randomized 
clinical trial (RCT) done from 2022 to 2023. It included 
persons with a BMI ≥ 35  kg/m2 (obesity) who were sent 
to Shohada & Modares Hospital in Tehran, Iran. The 
research sample was chosen from individuals who are 
candidates for bariatric surgery using convenience sam-
pling, which was done based on specific criteria for 
inclusion and exclusion. In this study, fat samples were 
extracted during the abdominoplasty procedure to inves-
tigate the variables under study. The ethics committee 
of the Shahid Beheshti University of Medical Sciences 
approved the study (IR.SBMU.NNFTRI.REC.1402.012). 
Moreover, this clinical trial was registered on the Ira-
nian Registry of Clinical Trials (www.irct.ir) website 
(IRCT20220727055563N2).

Inclusion and non-inclusion criteria
The inclusion criteria encompassed the following factors: 
(1) The extent to which individuals are inclined to engage 
in and provide their consent by signing the informed 
consent document subsequent to attaining comprehen-
sive understanding of the objectives and methods of the 
study; (2) This study includes individuals of both genders, 
aged between 25 and 50 years, who have a body mass 
index (BMI) equal to or greater than 35  kg/m2 and are 
classified as obese; (3) The participants in this research 
are adults who are being considered for bariatric surgery. 
Furthermore, individuals with the aforementioned condi-
tions were excluded from participation in the study: (1) 
The historical background of various inflammatory, neo-
plastic, cardiovascular, hepatic, diabetic, renal, infectious, 
and gastrointestinal disorders; (2) Documentation of the 
utilization or historical utilization within the preced-
ing three-month period of all categories of supplements 
or medications that exert an influence on hunger, body 
weight, or metabolic processes; (3) Receiving or following 
dietary and exercise treatments affecting weight during 
the last 6 months; (4) Alcohol intake and smoking.

Exclusion criteria
In the event that the samples under investigation encoun-
ter any of the specified conditions over the course of the 
study, they will be disqualified from participation in the 
present research endeavor. (1) Any occurrence that has 
an impact on an individual’s state of health. (2) The act 
of consuming diverse supplements or medications that 
have an impact on body weight and metabolic processes, 

disregarding prior cautionary advice. (3) Noncompli-
ance with medication adherence stemming from per-
sonal or external factors. The topic of immigration is 
being addressed. Furthermore, post-study, we assessed 
the acceptability and adherence of participants towards 
the intended medication. Individuals with an acceptance 
and adherence rate below 80% were eliminated from the 
study.

Sample size calculation
The sample size for this study was determined by consid-
ering the difference in mean serum levels of T3 hormone, 
as indicated by previous research [23]. With a type I error 
probability level of 5% (α = 0.05) and a type II error prob-
ability level of 20% (β = 0.20, power 80%), the number of 
individuals required was calculated to be 20 subjects in 
each group. Given a potential loss rate of 10%, a total of 
22 patients were included in each group.

Study design and intervention
A total of 45 participants with obesity who satisfied the 
inclusion criteria for this double-blind, randomized clini-
cal trial were randomly allocated to either the experimen-
tal group receiving NAC or the control group receiving 
a placebo. The intervention period lasted for a duration 
of eight weeks. Based on the findings of a meta-analysis 
conducted in this particular research domain, it was 
observed that the administration of NAC ranged from 
600 to 1800  mg, while the intervention period varied 
from 5 days to 12 months. Notably, the study revealed 
that the majority of the drug’s efficacy was observed at 
doses below 1000  mg, with intervention durations typi-
cally lasting between 6 and 8 weeks. According to the 
literature, previous studies have indicated that there is 
no statistically significant variance observed when com-
paring doses ranging from 600 to 1000 across various 
factors. However, it has been observed that doses near-
ing 1000 can lead to a decline in patient adherence to the 
medication regimen. This decrease in compliance can 
be attributed to the increased frequency of daily drug 
administration. Ultimately, such non-adherence may 
potentially compromise the drug’s efficacy. Hence, a dos-
age of 600 mg was taken into account for the purpose of 
this investigation. In this investigation, a dose of 600 mg 
and an intervention length of 8 weeks were taken into 
consideration [9]. The duration of the intervention period 
in this trial spanned 8 weeks, during which both the 
intervention and control groups were administered the 
appropriate medications for a period of 6 weeks prior to 
undergoing bariatric surgery. The intervention group was 
administered a daily dosage of 600 mg of NAC, whereas 
the control group received a daily dosage of 600  mg of 
placebo (administered during lunch). The placebo was 
designed to resemble and taste similar to the NAC group, 
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and was composed of starch powder. The administration 
of the tablets was facilitated by two pharmaceutical com-
panies, namely Karen Pharmaceuticals, which provided 
placebo tablets, and Avicenna Pharmaceuticals, which 
supplied NAC tablets. At the onset of the study, partici-
pants were provided with pills and instructed to return 
the empty can packages at the conclusion of the six-week 
study period. This was done to assess the rate of drug 
acceptance. At the onset of the study, all participants 
were provided with recommendations to modify their 
daily total energy consumption. These recommenda-
tions were determined by calculating energy intake using 
age, gender, and BMI as determining factors. The calorie 
intake distribution was calculated to consist of 30% fat, 
with 7% being saturated fat and a maximum cholesterol 
consumption of 300 mg. Additionally, 50% of the caloric 
intake was attributed to carbohydrates, while the remain-
ing 20% was allocated to protein. It is important to note 
that all participants were provided with identical dietary 
recommendations.

Randomization and allocation
The assignment of BMI and sex variables was conducted 
using a stratified randomization approach, combined 
with the permuted block randomization methodology. 
This method involved the use of quadruple and binary 
blocks to guarantee an even distribution of these vari-
ables throughout the different groups. The quadruple 
block or double block designs were constructed using 
a web platform, with the sample size consisting of 45 
patients (source: www.sealedenvelope.com).

The pharmaceutical boxes were assigned unique codes 
in order to ensure concealment during the randomization 
process. Additionally, the software is capable of generat-
ing the desired code. The allocation concealment strategy 
ensures that neither the participants nor the researchers 
are aware of which group received the NAC or the pla-
cebo. The company responsible for receiving the NAC 
and placebos incorporated the corresponding codes onto 
the packaging materials. Each participant in the trial was 
provided with a pharmaceutical package, which was allo-
cated based on the predetermined sequence. The gener-
ated sequence utilized for the study was characterized by 
its inherent unpredictability.

Anthropometric and physical activity measurements
Anthropometric parameters were assessed both before 
and after the trial. The height and weight of adults were 
assessed while wearing little clothing and without shoes. 
The weight of each participant was measured twice using 
the Seca digital scale, which is made in Germany and 
has a precision of 0.01 kg. The researchers employed the 
International Physical Activity Questionnaire (IPAQ) to 

assess the level of physical activity at both the beginning 
and conclusion of the study [28].

Dietary assessment
To assess the nutritional intake of patients, including 
energy, macronutrients, micronutrients, and caffeine, a 
24-hour dietary recall questionnaire was administered at 
the start and end of the study. This questionnaire covered 
one day off and two non-holiday days for each partici-
pant, resulting in a total of 9 food notes. The question-
naire was conducted through face-to-face and telephone 
interviews. The dietary records were analyzed using 
Nutritionist IV (N4) nutritional software.

RNA extraction, cDNA synthesis, and quantitative real-time 
polymerase chain reaction
Adipose tissue extracted from visceral adipose were 
subjected to total RNA extraction using the RNX-Plus 
solution and following the directions provided by the 
manufacturer (Cinaclone, Iran). In addition, in accor-
dance with the guidelines provided by the manufacturer, 
a quantity of 1 µg of total RNA (Viragen, Iran) was uti-
lized for the synthesis of cDNA. The polymerase chain 
reaction (PCR) was conducted in duplicate for UCP1, 
DIO2, DIO3, THRα and β, and 18s RNA (as an internal 
control) using the provided instructions. The final volume 
of the reaction was 20 µL. (1) 10 µL BIOFACT™ 2X Real-
Time PCR Mix Master (for SYBR Green I; High. Rox, 
BIOFACT, South Korea); (2) 7 µl double-distilled water; 
(3) 0.5 µl each of forward and reverse primer (10 pmol/
µL); (4) and 2 µl cDNA. 40 cycles of amplification were 
performed following a 15-minute at 95  °C initial dena-
turation stage. There was one denaturation step and one 
annealing step for each two-step cycle. The denaturation 
steps for UCP1 and DIO2 included 25 s at 95 °C and for 
the rest of the genes (DIO3, THRα and β) included 15 s at 
95 °C. In addition, the annealing step for UCP1 and DIO2 
included 25 s at 60 °C, for DIO3 and THRα included 25 s 
at 52  °C, and for THRβ also included 25 s at 54  °C. The 
temperature range of the melt curve was between 60 and 
95  °C, as measured using the StepOnePlus Real-Time 
PCR instrument from Applied Biosciences in Paisley, UK. 
The results for gene expression were obtained using the 
fold change, as indicated by the formula 2−ΔΔct. Table S1 
contains a comprehensive list of the utilized primers.

Thyroid hormones measurements
Thyroid hormones including thyroid-stimulating hor-
mone (TSH), free triiodothyronine (FT3), and free thy-
roxine (FT4) were measured by ELISA (Pishtaz Teb, 
Tehran, Iran). For TSH test, Intra-assay and inter-assay 
coefficient of variation (CV) was 1.5 and 1.9%, respec-
tively. FT4 intra- and inter-assay CV were 4.7 and 4.9%, 
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respectively. FT3 intra- and inter-assay CV were 5.2 and 
3.9%, respectively.

Statistical analysis
The qualitative aspects were represented numerically 
using percentages, while the quantitative data were 
reported as the mean accompanied by the standard 
deviation. An independent sample T-test was employed 
to compare the means of the quantitative variables and 
the means of their changes between the two groups at 
the start and end of the study. A paired sample T-Test 
was utilized to compare the mean of quantitative vari-
ables before and after the intervention within each group. 
The qualitative characteristics of the two groups were 
compared utilizing either the chi-square test or Fish-
er’s exact test. Following the consideration of potential 

confounding variables, the impact of NAC on quantita-
tive variables was assessed through the implementation 
of the covariance test, also known as analysis of covari-
ance (ANCOVA). Statistical analyses were conducted 
using SPSS software version 16, with a significance level 
of P-value < 0.05 being deemed as statistically significant.

Results
Participant characteristics
Out of the 45 adults who were eligible for inclusion, 43 
were chosen for the final analysis. Among them, 22 were 
in the intervention group and 21 were in the placebo 
group (Fig. 1).

Table  1 presents the starting demographic and meta-
bolic factors of the subjects. The average ages of the par-
ticipants in the placebo group were 40.18 years with a 

Fig. 1  Consort flow diagram for the trial
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standard deviation of 6.32, while in the NAC group, the 
average age was 41.09 years with a standard deviation 
of 5.25. There was no statistically significant difference 
between the two groups in terms of characteristics such 
as gender, anthropometric parameters (weight, BMI, 
WC), thyroid hormones (FT3, FT4, and TSH), physical 
activity, multivitamin intake, drug use, marital status, and 
education level.

Dietary intake
The dietary intake is specified in Table 2. Table 2 presents 
the dietary intake. Based on the findings of the 24-hour 
meal recall questionnaire and a comparison between the 
initial and final stages of the study, it was seen that there 
was a substantial increase in the consumption of vitamin 
C in both groups. Nevertheless, there was no notable dis-
parity in the average intake of calories and other essential 

Table 1  Baseline characteristics of participants
Variables Groups, mean (SD) P-valuea

NAC (n = 22) Control (n = 21)
Age, y 41.09(5.25) 40.18(6.32) 0.598
Female (n, %) 12 (54.5) 11 (52.3) 0.609
Weight (kg) 125.02(12.12) 126.88(11.60) 0.810
BMI (kg/m2) 44.36(3.04) 44.03(4.09) 0.609
Waist-circumference (cm) 137.55(11.07) 136.27 (10.39) 0.936
FT3 (pmol/L) 4.47 (0.59) 4.51(0.57) 0.825
FT4 (pmol/L) 14.82(1.29) 14.87 (1.12) 0.894
TSH (mIU/L) 2.23(0.49) 2.35(0.66) 0.547
Physical Activity (met.h/wk) 1221.00(651.03) 1199.91(741.21) 0.981
Multivitamin use (n, %) 6(27.2) 6(28.5) 0.990
Drug use (n, %) 9 (40.9) 10 (47.6) 0.498
a Data obtained from independent sample T-Test for continuous variables and Chi-square for categorical variables

Abbreviations: NAC: N-Acetylcysteine, BMI: Body mass index, FBS: Fasting blood sugar, HDL-C: High density lipoprotein-cholesterol, HOMA_IR: Homeostatic model 
assessment-insulin resistance, LDL-C: Low density lipoprotein-cholesterol; TC: Total cholesterol, TG: Triglycerides, WC: Waist circumference, hs-CRP: high-sensitivity 
C-reactive protein

Table 2  Energy, macronutrient, and micronutrients intake at baseline and at the end of study
NAC Placebo P-valueb

Baseline After P-valuea Baseline After P-valuea

Energy (kcal/d) 3705.29(187.18) 3679.43(164.14) 0.066 3710.67(183.67) 3691.59(156.46) 0.175 0.817
Carbohydrate (g/d) 544.55(78.88) 504.01(71.50) 0.125 555.38(76.09) 525.96(72.09) 0.177 0.233
Protein (g/d) 137.50(35.75) 137.96(29.36) 0.670 130.95(16.74) 129.18(17.63) 0.169 0.174
Fat (g/d) 128.72 (30.31) 126.72(31.96) 0.098 120.03(29.92) 118.96(27.76) 0.254 0.165
SFA (g/d) 40.50(11.65) 40.31 (8.84) 0.950 40.62(13.38) 45.74(9.40) 0.141 0.075
MUFA (g/d) 43.28(10.24) 41.23(13.39) 0.507 39.85(11.16) 47.72(21.89) 0.141 0.278
PUFA (g/d) 28.77(8.82) 27.31(7.33) 0.604 26.19(11.20) 24.89(10.81) 0.629 0.508
Fiber (g/d) 56.11(30.74) 56.63(14.21) 0.952 59.93(26.50) 47.94(19.09) 0.122 0.121
Sodium (mg/d) 5933.60(2496.40) 5780.27(1786.81) 0.790 6797.52(4676.22) 5164.25(2299.73) 0.229 0.363
Vitamin B12 (mcg/d) 5.71(2.94) 6.95(3.40) 0.149 6.79(2.57) 9.86(7.91) 0.137 0.150
Folate (mcg/d) 659.09(200.59) 614.37(113.68) 0.435 789.98(204.53) 699.07(159.87) 0.101 0.338
Magnesium (mg/d) 588.84(174.66) 553.24(107.96) 0.482 597.95(116.58) 532.87(122.81) 0.148 0.591
Calcium (mg/dl) 1596.34(418.94) 1389.14(407.04) 0.154 1733.79(305.62) 1673.61(459.80) 0.631 0.058
Vitamin A (RE) 1386.65(598.11) 1066.93(479.83) 0.315 1099.95(660.08) 1258.34(856.25) 0.479 0.401
Vitamin E (mg/d) 15.52(6.39) 19.22(9.14) 0.109 15.31(4.15) 18.71(5.95) 0.211 0.347
Vitamin C(mg/d) 266.74(164.61) 302.91(125.18) 0.045 260.43(143.31) 296.89(83.45) 0.040 0.848
Vitamin D (mcg/d) 2.34(1.45) 2.85(3.17) 0.481 2.91(2.15) 2.57(1.83) 0.268 0.471
Selenium (mg/d) 127.72(120.93) 153.83(57.47) 0.469 157.91(108.65) 128.59(48.92) 0.279 0.154
Zinc (mg/d) 18.58(4.99) 17.33(3.72) 0.446 18.35(2.59) 17.15(4.38) 0.276 0.896
a Data obtained from independent sample T-Test.

Data are expressed as Mean (SD).

a: P-values for comparison of within-group differences

b: P-values for comparison of mean values between two groups

PUFA: Polyunsaturated fatty acid, SFA: Saturated fatty acid, MUFA: Monounsaturated fatty acid



Page 7 of 11Sohouli et al. Genes & Nutrition            (2024) 19:8 

nutrients among the groups at both the beginning and 
conclusion of the experiment.

Findings of UCP1, DIO2 and DIO3, THRα, and THRβ gene 
expressions
Upon doing an analysis of real-time PCR data and exam-
ining the fold change in gene expression, our results 
indicate that the level of DIO3 gene expression in the 
intervention group, who consumed NAC for 8 weeks, 
was considerably lower than the control group who 
received a placebo (P < 0.001; fold change: 0.17). Our 
research results indicate that there was no significant 
impact on the expression of UCP1 (P 0.404; fold change: 
2.20), DIO2 (P 0.412; fold change: 2.36), THRα (P 0.606; 
fold change: 1.80), and THRβ (P 0.899; fold change: 0.83) 
genes following the administration of NAC compared 
to a placebo. Although the expression of UCP1, DIO2, 
THRα genes except THRβ gene increased in the interven-
tion group compared to the control group (Fig.  2a and 
2b).

Thyroid hormones and anthropometry parameters
In both the control and intervention groups with NAC 
after 8 weeks, a significant decrease was observed in all 
evaluated parameters except the level of TSH hormones 
compared to the beginning of the study. However, com-
pared to the placebo group (after adjusting for baseline 

values, energy intake, fiber, and vitamins E, A, D, C), no 
significant changes in FT3, FT4, and TSH concentra-
tion as well as anthropometry indices (weight, BMI, WC) 
were reported after NAC intake for 8 weeks (Table 3).

Discussion
The maintenance of energy balance as a preventive mea-
sure against obesity is contingent upon energy expen-
diture. Physical activity serves as the primary means 
of expending surplus energy. However, there exists a 
thermogenic system that has evolved to safeguard the 
body against hypothermia [29]. This system operates 
by uncoupling oxidative phosphorylation in brown adi-
pocytes through the mitochondrial UCP-1 [29]. Previ-
ous studies have demonstrated that the augmentation of 
UCP-1 through genetic modifications or the administra-
tion of pharmacological substances can lead to a decrease 
in obesity and an enhancement in insulin sensitivity [29–
31]. Furthermore, there is a strong association between 
obesity, particularly central obesity, and several endo-
crine disorders [32], such as thyroid dysfunction [33]. The 
lack of surprise stems from the fact that T3, as a regulator 
of energy metabolism and thermogenesis, holds a piv-
otal position in governing glucose and lipid metabolism, 
food intake, and the oxidation of fatty acids [33]. Thyroid 
dysfunction is correlated with alterations in body weight 
and composition, body temperature, as well as total and 

Fig. 2a  ΔCT mean values of DIO3, UCP1, DIO2, THRα, and THRβ gene expressions between control and intervention groups. There was a significant differ-
ence in ΔCT mean values of DIO3 between control and intervention group’s samples. Gene expression results were expressed as the fold change defined 
by 2−ΔΔct. The higher ΔCT values indicate lower gene expression. *P < 0.05 between control and intervention groups

 



Page 8 of 11Sohouli et al. Genes & Nutrition            (2024) 19:8 

resting energy expenditure, regardless of physical activ-
ity levels [34]. Therefore, it seems that a practical solution 
including weight loss diets and supplements and com-
mon drugs can affect these potential disorders in people 
with obesity. Finally, according to the interpretations and 
evidence mentioned above, in this study, we investigated 
the effect of a potential anti-inflammatory and antioxi-
dant drug called N-acetylcysteine on the expression of 
UCP1 and also the expression of factors related to thy-
roid function.

The findings of the current RCT study showed that 
compared to the control group, NAC increases the 
expression of the UCP1 gene by about 2.2 times, but 
the finding was not statistically significant. In addition, 

after adjusting for possible confounders, no significant 
difference was reported between the two intervention 
and control groups in terms of anthropometric param-
eters including weight, WC, and BMI. Although, to our 
knowledge, no study has been conducted to investigate 
the effect of NAC on UCP1, but considering the role of 
UCP1 in increasing fat oxidation, increasing metabo-
lism, and as a result, reducing weight, studies conducted 
to investigate the effect of NAC on anthropometric fac-
tors can also reveal some aspects of this relationship. In 
a meta-analysis consisting of seven RCT studies to inves-
tigate the effect of NAC administration on anthropomet-
ric factors (weight, BMI and waist circumference), the 
results of this analysis showed that NAC administration 

Table 3  Anthropometric characteristics and thyroid hormones at baseline and at the end of study
NAC Placebo P-valueb

Baseline After Change P-valuea Baseline After Change P-valuea

Weight (kg) 125.02(12.12) 118.90(11.44) -6.12 (2.01) < 0.001 126.88(11.60) 121.39(11.51) -5.49(2.68) < 0.001 0.321
BMI (kg/m2) 44.36(3.04) 41.92(2.66) -2.44 (0.41) < 0.001 44.03(4.09) 41.82(3.78) -2.21(0.69) < 0.001 0.129
WC (cm) 137.55(11.07) 128.34(9.92) -9.21 (2.99) < 0.001 136.27 (10.39) 128.08 (9.88) -8.19(1.92) < 0.001 0.155
FT3 (pmol/L) 4.47 (0.59) 4.04(0.56) -0.43(0.21) < 0.001 4.51(0.57) 4.21(0.51) -0.30(0.20) < 0.001 0.059
FT4 (pmol/L) 14.82(1.29) 14.22(1.18) -0.59(0.33) < 0.001 14.87 (1.12) 14.43(1.08) − 0.43(0.29) < 0.001 0.065
TSH (mIU/L) 2.23(0.49) 2.20(0.43) -0.03(0.12) 0.285 2.35(0.66) 2.22(0.39) -0.13(0.54) 0.311 0.792
Data are expressed as Mean (SD).
a: P-values for comparison of within-group differences
b: P-value changes for between-group differences using analyses of covariance, considering baseline values, energy intake, fiber, and vitamin E, A, D, C as covariate

Abbreviations: NAC: N-Acetylcysteine, BMI: Body mass index, FT3: free triiodothyronine, FT4: free thyroxine, TSH: thyroid-stimulating hormone, WC: Waist 
circumference

Fig. 2b  Gene expression results were expressed as the fold change defined by 2−ΔΔct. Also, ΔΔCT defined by ΔCT intervention group - ΔCT control group. 
*P < 0.05 between control and intervention groups
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has no statistically significant effect on these variables 
[21]. Available evidence hypothesized that administra-
tion of NAC, a sulfur-containing antioxidant, may help 
weight loss in these individuals by regulating energy-
related genes such as UCP1, as well as reducing insulin 
resistance and the anti-inflammatory pathway [21, 35]. 
In an animal study including mice fed with high fat diet 
(HFD) in order to investigate the effect of NAC on the 
expression of genes involved in energy expenditure, the 
results showed that the levels of activity and transcrip-
tion of genes such as UCP1, UCP3, and DIO2, which are 
vital for cellular thermogenesis, increase significantly 
under the influence of NAC administration [10]. Also, in 
another animal study by Novelli et al., it was shown that 
the administration of this drug in mice fed with sucrose 
increases fat oxidation and energy expenditure of the 
whole body [22]. It seems that the effects of NAC on 
increasing fat oxidation and increasing UCP1 activity are 
mediated by peroxisome proliferator-activated receptor 
gamma (PPAR-γ) transcription factors [10]. So, according 
to the evidence, one of the factors that can affect the level 
of UCP1 expression is the transcription factors PPAR-γ 
and PPAR-α, which play a role in energy homeostasis 
and as regulators of lipid metabolism [17, 18]. Finally, In 
rodents, thermogenesis plays a much greater role in total 
energy expenditure, so the results cannot be extrapolated 
to humans [36]. Furthermore, the available evidence and 
studies about the effects of this drug on UCP1 are limited 
to animal studies, and this issue can affect the proof and 
comparison of our findings. One of the important rea-
sons for not observing statistically significant findings in 
our study, despite the high increase in the expression of 
UCP1 and even other investigated genes, can be the rela-
tively small sample size.

In addition, the findings of our study revealed that 
compared to placebo for 8 weeks, NAC caused a signifi-
cant decrease in the expression of the DIO3 gene as one 
of the genes related to thyroid function and metabolism. 
However, regarding other related genes, no statistically 
significant increase or decrease was found (despite the 
increase in DIO2 and THRα expression and decrease in 
THRβ expression). In addition, no significant difference 
was reported between the two groups after adjusting 
for confounders regarding the concentration of thyroid 
hormones. Although receiving NAC compared to the 
control group caused a greater decrease in the con-
centration of FT3 and FT4, but these changes were not 
significant. Some of the evidence shows a correlation 
between higher obesity and increased T3 concentration, 
although other studies have not shown such a signifi-
cant correlation [37]. For example, one study showed a 
decrease in T3 concentration in the visceral adipose tis-
sue of people with obesity along with an increase in the 
activity of DIO3 and a decrease in the activity of DIO2 

[25]. However, one of the causes of conflicting results in 
the level of thyroid hormones could be due to the mea-
surement of total hormone concentration instead of free 
concentration. Conversely, empirical data supports the 
involvement of these deiodinases and even receptors 
associated with thyroid hormones in the development 
of obesity and insulin resistance. The disruption of the 
DIO2 gene and thyroid hormone receptors (THRα) gene, 
in contrast to the DIO3 gene, leads to a reduction in fat 
metabolism and an elevation in insulin resistance and 
visceral obesity [26, 38]. In line with this observation, it 
is worth mentioning that weight loss achieved by bariat-
ric surgery increases the gene expression levels of DIO2, 
essential for adaptive thermogenesis, in beige adipose tis-
sue of experimental models of diet-induced obesity [39]. 
These findings suggest that this particular deiodinase 
plays a crucial role in preventing the onset of obesity.

In a clinical trial study on 67 patients with acute myo-
cardial infarction who were treated with NAC or pla-
cebo for 48  h, the results showed a significant decrease 
in reverse T3 levels after the intervention [23]. While 
no significant findings were observed on T3 level. Con-
sidering the role of DIO-3 in increasing reverse T3 and 
also the role of DIO-2 in converting T4 to T3, it seems 
that the findings of the mentioned study are in line with 
our results of a significant decrease in the expression of 
DIO3. It seems that the administration of NAC with its 
anti-inflammatory and antioxidant effects causes ben-
eficial changes in the expression of genes related to thy-
roid function induced by hypoxia and inflammation [23]. 
Consistent with our results in a study on male Wistar rats 
with left anterior coronary artery occlusion, the results 
showed that NAC decreased the expression and activ-
ity of iodothyronine deiodinase type 3 in these rats [40]. 
These results showed that NAC prevents thyroid func-
tion disorders in these mice by restoring the redox bal-
ance [40]. Despite the incomplete understanding of the 
impact of NAC on the production and activity of DIO3, 
it is likely linked to the preservation of intracellular gluta-
thione (GSH) levels and the restoration of redox homeo-
stasis [41].

Evidence also suggests a role for the thyroid hormone 
receptor on insulin resistance and other metabolic disor-
ders through reduced plasma levels of thyroid hormones 
in individuals with obesity [42]. In fact, the decrease in 
the plasma level of these hormones is associated with a 
decrease in the basic metabolism of the body and as a 
result, an increase in metabolic disorders [43]. Weight 
loss drugs have been shown to reduce the expression of 
these receptors in much the same way as adiponectin 
receptors or insulin sensitivity by reducing fat cells [42, 
44, 45]. However, no study has been done to investigate 
the effect of NAC on this process and these receptors.
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The primary advantage of this work lies in the inno-
vative design of the randomized controlled trial (RCT), 
since it is the initial human investigation into the impact 
of NAC supplementation on metabolic genes in individu-
als with obesity. Furthermore, the inclusion of an investi-
gation on visceral adipose tissue serves as an additional 
advantage of this study. Nevertheless, our findings are 
constrained by some limitations that provide different 
perspectives. Initially, our ability to evaluate obesity-
related hormones and body fat percentage was limited 
by financial limitations. Furthermore, it is important to 
acknowledge that the correlation between RNA expres-
sion and protein expression may not always be consis-
tent, which might be seen as an additional constraint in 
our study. But since genes such as DIO3 are not normally 
expressed in adults, an increase in mRNA can indicate an 
increase in expression.

Conclusion
The findings of the present study showed that after 8 
weeks, NAC significantly reduces the expression of DIO3 
gene in the visceral fat tissue of individuals with obesity 
compared to placebo. However, it does not have a sig-
nificant effect on expression of UCP1, DIO2, and thyroid 
hormone receptors as well as serum of thyroid hormone 
concentration. In general, due to the complexity of the 
effect of these genes on various metabolic processes and 
also due to the very limited studies conducted, various 
animal and human studies can provide a very important 
contribution in order to understand the beneficial effects 
of NAC.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12263-024-00744-7.

Supplementary Material 1

Acknowledgements
Not applicable.

Author contributions
G.E, H.Z, and Mh.S contributed in conception, design, and statistical analysis. 
Mh.S, SA.R, SH. A, GH.SH, K.P, and H.Z contributed in data collection and 
manuscript drafting. Mh.S and H.Z supervised the study. All authors approved 
the final version of the manuscript.

Funding
No funding.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
This study was approved by the research council and ethics committee Shahid 
Beheshti University of Medical Sciences, Tehran, Iran.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Cellular and Molecular Nutrition, Faculty of Nutrition and 
Food Technology, Shahid Beheshti University of Medical Sciences, Tehran, 
Iran
2Department of Cellular and Molecular Nutrition, Faculty of Nutrition 
and Food Technology, National Nutrition and Food Technology Research 
Institute, Shahid Beheshti University of Medical Sciences, Tehran, Iran
3Department of Anesthesiology, School of Medicine, Shohada-e-Tajrish 
Hospital, Shahid Beheshti University of Medical Sciences, Tehran, Iran
4Physical Medicine and Rehabilitation Research Center Shahid Beheshti 
University of Medical Sciences, Tehran, Iran

Received: 31 January 2024 / Accepted: 26 April 2024

References
1.	 Blüher M. Obesity: global epidemiology and pathogenesis. Nat Reviews 

Endocrinol. 2019;15(5):288–98.
2.	 Dhawan D, Sharma S. Abdominal obesity, adipokines and non-communica-

ble diseases. J Steroid Biochem Mol Biol. 2020;203:105737.
3.	 Collaboration PS. Body-mass index and cause-specific mortality in 900 

000 adults: collaborative analyses of 57 prospective studies. Lancet. 
2009;373(9669):1083–96.

4.	 Heymsfield SB, Wadden TA. Mechanisms, pathophysiology, and management 
of obesity. N Engl J Med. 2017;376(3):254–66.

5.	 Kokkoris P, Pi-Sunyer FX. Obesity and endocrine disease. Endocrinol Metabo-
lism Clin. 2003;32(4):895–914.

6.	 Santini F, et al. Mechanisms in endocrinology: the crosstalk between thyroid 
gland and adipose tissue: signal integration in health and disease. Eur J 
Endocrinol. 2014;171(4):R137–52.

7.	 Xue S, Lee D, Berry DC. Thermogenic adipose tissue in energy regulation and 
metabolic health. Front Endocrinol (Lausanne). 2023;14:1150059.

8.	 Lim J, et al. Depot-specific UCP1 expression in human white adipose 
tissue and its association with obesity-related markers. Int J Obes (Lond). 
2020;44(3):697–706.

9.	 Faghfouri AH, et al. The effects of N-acetylcysteine on inflammatory and oxi-
dative stress biomarkers: a systematic review and meta-analysis of controlled 
clinical trials. Eur J Pharmacol. 2020;884:173368.

10.	 Ma Y, Gao M, Liu D. N-acetylcysteine protects mice from high fat diet-induced 
metabolic disorders. Pharm Res. 2016;33:2033–42.

11.	 Kim J-R, et al. Association of anti-obesity activity of N-acetylcysteine with 
metallothionein-II down-regulation. Exp Mol Med. 2006;38(2):162–72.

12.	 Peerapanyasut W, et al. Activation of sirtuin 3 and maintenance of mitochon-
drial integrity by N-acetylcysteine protects against bisphenol A-induced 
kidney and liver toxicity in rats. Int J Mol Sci. 2019;20(2):267.

13.	 Cocco T, et al. Tissue-specific changes of mitochondrial functions in aged 
rats: effect of a long-term dietary treatment with N-acetylcysteine. Free Radic 
Biol Med. 2005;38(6):796–805.

14.	 Park WY, et al. Ellagic acid induces beige remodeling of white adipose tissue 
by controlling mitochondrial dynamics and SIRT3. FASEB J. 2021;35(6):e21548.

15.	 Harms M, Seale P. Brown and beige fat: development, function and therapeu-
tic potential. Nat Med. 2013;19(10):1252–63.

16.	 Medvedev AV, et al. Regulation of the uncoupling protein-2 gene in INS-1 
β-cells by oleic acid. J Biol Chem. 2002;277(45):42639–44.

17.	 Liu J, et al. The role of uncoupling proteins in diabetes mellitus. Journal of 
Diabetes Research. 2013;2013.

18.	 Villarroya F, Iglesias R, Giralt M. PPARs in the control of uncoupling proteins 
gene expression. PPAR Research. 2007;2007.

19.	 Woo MN, et al. Anti-obese property of fucoxanthin is partly mediated by 
altering lipid‐regulating enzymes and uncoupling proteins of visceral adi-
pose tissue in mice. Mol Nutr Food Res. 2009;53(12):1603–11.

20.	 Senese R, et al. Uncoupling protein 3 expression levels influence insulin 
sensitivity, fatty acid oxidation, and related signaling pathways. Pflügers 
Archiv-European J Physiol. 2011;461:153–64.

https://doi.org/10.1186/s12263-024-00744-7
https://doi.org/10.1186/s12263-024-00744-7


Page 11 of 11Sohouli et al. Genes & Nutrition            (2024) 19:8 

21.	 Zarei M, et al. What are the effects of N-acetylcysteine supplementation on 
anthropometric indices? A systematic review and meta-analysis of clinical 
trials. PharmaNutrition. 2020;14:100238.

22.	 Novelli ELB, et al. N-acetylcysteine in high-sucrose diet-induced obesity: 
energy expenditure and metabolic shifting for cardiac health. Pharmacol Res. 
2009;59(1):74–9.

23.	 Vidart J, et al. N-acetylcysteine administration prevents nonthyroidal illness 
syndrome in patients with acute myocardial infarction: a randomized clinical 
trial. J Clin Endocrinol Metabolism. 2014;99(12):4537–45.

24.	 Larsen PR, Zavacki AM. Role of the iodothyronine deiodinases in the 
physiology and pathophysiology of thyroid hormone action. Eur Thyroid J. 
2013;1(4):232–42.

25.	 Calvo RM, Vesperinas G, Obregón MJ. Deiodinases in human adipose tissue 
from obese patients. 2012.

26.	 Christoffolete MA, et al. Mice with targeted disruption of the Dio2 gene have 
cold-induced overexpression of the uncoupling protein 1 gene but fail to 
increase brown adipose tissue lipogenesis and adaptive thermogenesis. 
Diabetes. 2004;53(3):577–84.

27.	 Ciavardelli D, et al. Type 3 deiodinase: role in cancer growth, stemness, and 
metabolism. Front Endocrinol. 2014;5:215.

28.	 Hallal PC, Victora CG. Reliability and validity of the International Physical 
Activity Questionnaire (IPAQ). Medicine and Science in Sports and Exercise. 
2004;36(3):556.

29.	 Kozak L, Anunciado-Koza R. UCP1: its involvement and utility in obesity. Int J 
Obes. 2008;32(7):S32–8.

30.	 Hofmann WE, et al. Effects of genetic background on thermoregulation and 
fatty acid-induced uncoupling of mitochondria in UCP1-deficient mice. J Biol 
Chem. 2001;276(15):12460–5.

31.	 Kontani Y, et al. UCP1 deficiency increases susceptibility to diet-induced 
obesity with age. Aging Cell. 2005;4(3):147–55.

32.	 Kil DY, Swanson KS. Endocrinology of obesity. Veterinary Clinics: Small Anim 
Pract. 2010;40(2):205–19.

33.	 Reinehr T. Obesity and thyroid function. Mol Cell Endocrinol. 
2010;316(2):165–71.

34.	 Biondi B. Thyroid and obesity: an intriguing relationship. J Clin Endocrinol 
Metabolism. 2010;95(8):3614–7.

35.	 De Oliveira CPMS, et al. Combination of N-acetylcysteine and metformin 
improves histological steatosis and fibrosis in patients with non‐alcoholic 
steatohepatitis. Hepatol Res. 2008;38(2):159–65.

36.	 Pan R, et al. Metabolic improvement via enhancing thermogenic fat-
mediated non-shivering thermogenesis: from rodents to humans. Front 
Endocrinol. 2020;11:568874.

37.	 Pearce EN. Thyroid hormone and obesity. Curr Opin Endocrinol Diabetes 
Obes. 2012;19(5):408–13.

38.	 Marsili A, et al. Mice with a targeted deletion of the type 2 deiodinase 
are insulin resistant and susceptible to diet induced obesity. PLoS ONE. 
2011;6(6):e20832.

39.	 Becerril S, et al. Improved adipose tissue function after single anastomosis 
duodeno-ileal bypass with sleeve-gastrectomy (SADI-S) in Diet-Induced 
obesity. Int J Mol Sci. 2022;23(19).

40.	 Lehnen TE, et al. N-acetylcysteine prevents low T3 syndrome and attenuates 
cardiac dysfunction in a male rat model of myocardial infarction. Endocrinol-
ogy. 2017;158(5):1502–10.

41.	 Ojamaa K, et al. Thyroid hormone metabolism and cardiac gene expression 
after acute myocardial infarction in the rat. Am J Physiology-Endocrinology 
Metabolism. 2000;279(6):E1319–24.

42.	 Nannipieri M, et al. Expression of thyrotropin and thyroid hormone receptors 
in adipose tissue of patients with morbid obesity and/or type 2 diabetes: 
effects of weight loss. Int J Obes. 2009;33(9):1001–6.

43.	 Teixeira PdFdS, Dos Santos PB, Pazos-Moura CC. The role of thyroid hormone 
in metabolism and metabolic syndrome. Therapeutic Adv Endocrinol 
Metabolism. 2020;11:2042018820917869.

44.	 Nannipieri M, et al. Pattern of expression of adiponectin receptors in human 
adipose tissue depots and its relation to the metabolic state. Int J Obes. 
2007;31(12):1843–8.

45.	 Foley J, et al. Insulin binding and hexose transport in rat adipocytes: relation 
to cell size. Diabetologia. 1980;19:234–41.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Effects of N-acetylcysteine on the expressions of UCP1 and factors related to thyroid function in visceral adipose tissue of obese adults: a randomized, double-blind clinical trial
	﻿Abstract
	﻿Introduction
	﻿Material & methods
	﻿Participants
	﻿Inclusion and non-inclusion criteria
	﻿Exclusion criteria
	﻿Sample size calculation
	﻿Study design and intervention
	﻿Randomization and allocation
	﻿Anthropometric and physical activity measurements
	﻿Dietary assessment
	﻿RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain reaction
	﻿Thyroid hormones measurements
	﻿Statistical analysis

	﻿Results
	﻿Participant characteristics
	﻿Dietary intake
	﻿Findings of UCP1, DIO2 and DIO3, THRα, and THRβ gene expressions
	﻿Thyroid hormones and anthropometry parameters


	﻿Discussion
	﻿Conclusion
	﻿References


