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Background

Immunosenescence is an important factor in the impaired immune response in older adults and plays a significant role in the development of biological aging. Targeting immunosenescence could present a novel pharmacological approach to mitigating aging and age-related diseases. We aimed to investigate the effect of N-acetylcysteine (NAC) and vitamin D (Vit-D) on the senescence of peripheral blood mononuclear cells (PBMCs).





Method

This randomized clinical trial was conducted on older adults with Vit-D deficiency. Eligible participants were randomly assigned to one of four groups to receive either (A) 1000 IU of Vit-D daily (D1) (B), 1000 IU of Vit-D plus 600 mg of NAC daily (D1N) (C), 5000 IU of Vit-D daily (D5), or (D) 5000 IU of Vit-D plus 600 mg of NAC daily (D5N) for 8 weeks. Senescence-associated beta-galactosidase (SA-β-gal) staining, expression of senescence-related genes, and serum inflammatory factors were measured at baseline and after 8 weeks.





Results

After the intervention, supplementation with D5N and D5 significantly downregulated p16, interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) expression and decreased SA-β-gal activity compared to the D1 group. Additionally, co-administration of NAC with 1000 IU of Vit-D significantly downregulated p16 transcripts in PBMCs compared to Vit-D 1000 IU alone. No significant differences were observed between the groups in serum IL-6, C-reactive protein (CRP), or the neutrophil-to-lymphocyte ratio (NLR) after the intervention.





Conclusions

The loading dose of Vit-D significantly attenuates senescence in PBMCs of older adults. However, co-administration of NAC with both the standard and loading doses of Vit-D further enhances these beneficial effects.





Clinical trial registration

https://irct.behdasht.gov.ir, identifier IRCT20230508058120N1.
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Introduction

The aging population is growing in many countries (1). As people age, they become more vulnerable to age-related diseases such as cardiovascular diseases, strokes, diabetes, neurodegenerative disorders, and cancers (2). Understanding the mechanisms that contribute to aging in the body can help slow the aging process, increase life expectancy, and reduce the burden of age-related diseases on national health systems. Recent evidence strongly suggests that the accumulation of senescent cells drives aging at the organismal level. Senescence is a cellular state in which cells lose their proliferative capacity and release specific humoral factors, including inflammatory cytokines, growth factors, matrix metalloproteinases, and factors involved in tissue regeneration and fibrosis. This secretory process is known as the senescence-associated secretory phenotype (SASP). The specific components of SASP depend on the cell type and its context (3, 4). Although post-mitotic differentiated cells typically do not proliferate, they can still undergo senescence, exhibiting only the SASP phenotype. Various stressors can induce senescence in cells, including DNA-damaging factors, oncogene activation, oxidative stress, and telomere shortening (5, 6). Senescence is a physiological phenomenon that prevents the proliferation and persistence of damaged cells. However, consistent with the antagonistic theory of aging, mechanisms like senescence that promote fitness in early life may have detrimental effects later in life (7). The accumulation of senescent cells in older organisms contributes to the etiology of aging and related diseases (8).

Senescent cells are cleared through the induction of apoptosis or an immune response (3, 9). The immune system plays a critical role in the removal of senescent cells throughout the body. In the context of senescence, cells influence the innate immune response by releasing inflammatory molecules as part of the SASP. This process typically promotes the growth and activation of M1 macrophages while inhibiting M2 macrophages. In response to the heightened inflammation, natural killer (NK) cells are recruited to areas where senescent cells are present, as these cells display NK-stimulating molecules on their surface. The interaction between these NK ligands on senescent cells and the corresponding NK receptors on NK cells leads to the elimination of senescent cells (10). Any dysfunction or weakening of the immune response impairs the removal of senescent cells (9). With aging, accumulated challenges—such as pathogens, tissue damage, and cellular stress—trigger inflammatory responses that, if not properly regulated by anti-inflammatory processes, can drive the onset and progression of inflammaging, along with an increase in senescent cells. Inflammaging occurs alongside and as a consequence of age-related declines in immune function, a process known as immunosenescence (11). In addition to systemic aging, immunosenescence may also result from the transmission of senescence, driven by the accumulation of senescent cells in other tissues through the SASP. Older individuals are often more susceptible to infectious diseases, experience delayed wound healing, and exhibit impaired vaccine-induced immunity. Most of these complications stem from immunosenescence (2, 12). Immunosenescence is the main factor for the weakness of the immune response when faced with the accumulation of senescence in other tissues. Therefore, immunosenescence is a significant factor in the progression of biological aging. Preventing or reversing immunosenescence could be a novel pharmacological target to slow aging and reduce age-related diseases (13, 14). We recently demonstrated that the accumulation of senescent cells in the adipocytes of obese individuals decreases after 4 weeks of oral consumption of 600 milligrams of N-acetylcysteine (NAC), an over-the-counter (OTC) drug (15). NAC is used as a mucolytic agent and to treat liver poisoning caused by paracetamol overdose. Recent studies suggest that NAC is a potent antioxidant—likely due to its role in glutathione synthesis—and exhibits anti-inflammatory properties (16). Immunosenescence is exacerbated by deficiencies in certain nutrients, such as vitamin D (Vit-D). Vit-D is an immune-modulating hormone that may serve as a potential tool to mitigate immunosenescence (17).

In this study, we aim to investigate the effects of NAC and Vit-D in a clinical trial on the senescence of human peripheral blood mononuclear cells (PBMCs). We will use a simple method—the senescence-associated beta-galactosidase (SA-β-gal) staining assay—along with the analysis of senescence-related gene expression to assess senescence in the PBMCs of older individuals. More than 60% of the PBMC population consists of T cells, while the remaining cells include NK cells, monocytes, and B cells (18). Since T cells are more susceptible to senescence due to their high proliferative capacity, we considered PBMC senescence a biomarker of immunosenescence.





Methods




Trial design and participant

The study was a double-blind, randomized controlled trial. Participants were recruited between October 2023 and June 2024 from community centers and the Physical Medicine and Rehabilitation Clinic of Shahid Modarres Hospital in Tehran, Iran. Eligible participants provided written informed consent after receiving a comprehensive explanation of the study procedures, including the potential risks and benefits of the intervention. The study protocol was approved by the Shahid Beheshti University Ethics Committee and registered in the Iranian Registry of Clinical Trials under registration number IRCT20230508058120N1.

Sample size calculations were performed to compare the Vit-D 5000 IU group with the control (Vit-D 1000 IU) and the NAC + Vit-D 1000 IU group with the control. The final sample size was determined based on the larger of the two calculations, with an additional 10% to account for potential participant loss. The minimum estimated sample size for each group was 22, accounting for potential sample loss. This sample size was sufficient to evaluate the main effects with a power (1 − β) of 80% and α = 0.05 in a two-arm parallel study, allowing detection of a 5.5 pg/ml difference in serum interleukin-6 (IL-6) levels based on previous studies (19, 20).

To detect Vit-D deficiency, serum samples were collected from all participants before randomization. The criterion for diagnosing Vit-D deficiency was a serum 25-hydroxy Vit-D [25(OH)D] level below 30 ng/ml (75 nmol/l) (21, 22).

The inclusion criteria were Vit-D deficiency, age above 65 years, and a body mass index (BMI) between 25 and 35 kg/m², which is considered the optimal range for older adults based on the study by Kıskaç et al. (23).

Exclusion criteria included chronic or acute inflammatory and infectious diseases, diabetes, thyroid disorders, Alzheimer’s disease, dementia, and the use of medications that affect Vit-D metabolism, such as anticonvulsants, antituberculosis drugs, and glucocorticoids. Other exclusion factors were hypercalcemia, electrolyte imbalances, arrhythmia, renal or hepatobiliary dysfunction, asthma, gastric hemorrhage, fluid overload, and the use of hydrochlorothiazide or magnesium oxide. Additionally, participants were excluded if they were enrolled in other research that could interfere with participation or data interpretation, had used antioxidants, NAC, or Vit-D supplements in the past 3 months, or consumed alcohol or smoked.





Randomization and interventions

Details about recruitment, randomization, and follow-up are provided in Figure 1. Randomization was stratified by gender (female and male) and serum 25(OH)D levels (< 10, 10–19, and 20–30 ng/ml). The randomization list was generated using the online software available at www.sealedenvelope.com.




Figure 1 | Flowchart of participants. NAC, N-acetylcysteine; D1, vitamin D1000 IU; D5, vitamin D5000 IU.



The following reasons justify the selection of supplemental doses for NAC and Vit. D:

A systematic review and meta-analysis reported that NAC supplementation doses used to reduce inflammatory biomarkers ranged from 600 to 1,800 mg, with intervention durations ranging from 5 days to 12 months. The most significant effect was observed at doses below 1,000 mg, with minimum intervention duration of 4 weeks (24).

Similarly, numerous studies and guidelines recommend a daily dose of 4000 IU of Vit-D (cholecalciferol) for 8–12 weeks as the preferred supplementation strategy for treating Vit-D deficiency. However, to ensure that serum 25(OH)D levels exceeded 30 ng/ml in Vit-D–deficient older adults, a loading dose of 5000 IU/day was administered (21, 25).

Additionally, following the recommendations of the Endocrine Society and the International Osteoporosis Foundation, two study groups received a maintenance dose of 1000 IU/day of Vit-D. These organizations suggest that a daily dose of 600–800 IU may help older adults achieve serum 25(OH)D levels of 30 ng/ml (26).

Participants were assigned to one of four groups for an 8-week intervention: a control group receiving 1000 IU/day of Vit-D (D1), 1000 IU of Vit-D plus 600 mg of NAC (D1N), 5000 IU of Vit-D (D5), or 5000 IU of Vit-D plus 600 mg of NAC (D5N). This time frame was chosen as the minimum duration required to increase serum Vit-D levels in individuals receiving therapeutic doses (25, 27).

The supplements were identical in shape and packaging and labeled A, B, C, and D by Pharmachemie Pharmaceutical Company (Tehran, Iran). Group assignment codes were concealed in sealed envelopes and opened at enrollment by a third party blinded to all baseline assessments. Neither participants nor investigators knew the group assignments until the study concluded.





Treatment and follow-up

A physician and a nutritionist assessed participants at baseline and again in the eighth week after the intervention. Evaluations included blood sample collection, protocol adherence assessment, and monitoring for supplement side effects. Participants received weekly follow-up phone calls to encourage adherence, record any side effects, and address study-related questions. Supplements were distributed every 4 weeks, and compliance was assessed by counting the remaining supplements.





Procedures

At the screening visit, baseline characteristics were collected through questionnaires covering demographic data, medical history, smoking status, current medications, and supplement use (Supplementary S1).





Anthropometric measurements

Before and after the study, weight, height, and waist circumference (WC) were measured for all participants. BMI was calculated as weight divided by height squared (kg/m²). To minimize measurement errors, all assessments were conducted by a single examiner.





Dietary intake assessments and physical activity

To assess food intake, all participants completed a 3-day food record, including one weekend day and two weekdays, at the beginning of the study, in the fourth week, and at the end of the study. The recorded dietary data were analyzed using Nutritionist 4 software (First Databank, San Bruno, CA, USA), which was modified for Iranian foods by an expert dietitian.

Physical activity was assessed using the Rapid Assessment of Physical Activity (RAPA) questionnaire, a valid, easy-to-administer, and interpretable tool for evaluating physical activity levels in adults over 50 (28).





PBMC isolation and SA-β-gal staining

PBMCs were isolated from whole blood using the Ficoll density gradient centrifugation method. The extracted PBMCs were divided into two portions: 20% was used fresh for the SA-β-gal staining assay, while the remaining 80% was stored at −80°C for mRNA extraction.

SA-β-galactosidase activity was assessed using a cytochemical staining protocol (Supplementary S2) (29), standardized as follows:

	Cell pellets were suspended in 50 μl of fixation buffer at 4°C for 15 min.

	The samples were centrifuged.

	After the third PBS wash, the supernatant was discarded, and the cell pellet was resuspended in 50–100 μl of staining solution, depending on the cell count.

	The solution was incubated overnight at 37°C.

	Following incubation, the samples were centrifuged and washed three times with PBS.

	Finally, slides were prepared from the PBS-suspended cells, and images were captured using a light microscope.



The percentage of green pixels relative to the total pixels in the calibrated image was calculated using ImageJ software (National Institutes of Health, USA). This ratio represents the green area ratio, which was used to quantify SA-β-gal activity.





RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain reaction

RNA extraction and complementary DNA (cDNA) synthesis were performed according to the manufacturer’s instructions for the respective kits. Total RNA was extracted from PBMCs using RNX Plus solution (Cinaclone, Tehran Iran). For cDNA synthesis (SMOBIO kit, Taiwan), 1 μg of total RNA was used. Polymerase chain reaction (PCR) was conducted to amplify p16, p21, IL6, tumor necrosis factor-α (TNF-α), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (used as an internal control). Reactions were performed in a final volume of 20 μl, containing:

	10 μl ExcelTaq™ 2X real-time PCR master mix (SYBR; Rox, SMOBIO, Taiwan).

	7 μl double-distilled water.

	0.5 μl forward primer (10 pmol/µl).

	0.5 μl reverse primer (10 pmol/µl).

	2 μl cDNA.



The PCR protocol included an initial denaturation at 95°C for 15 min, followed by 40 cycles of amplification. Denaturation and annealing were carried out at 95°C for 25 s and 60°C for 25 s, respectively. The melt curve ranged from 60°C to 95°C (Applied Biosystems, StepOnePlus; Real-Time PCR, UK).





Biochemical assays

Venous blood samples were collected from each participant after 8h–10h of fasting. Blood was drawn into heparinized tubes for plasma separation and ethylenediaminetetraacetic acid (EDTA) tubes for a complete blood count with a differential test. Samples were obtained at both the beginning and the end of the study. Platelet-free plasma was isolated by centrifugation and stored at −80°C for biochemical analysis.

Concentrations of 25(OH)D, the major circulating form of Vit-D in blood, were measured using a competitive enzyme-linked immunosorbent assay (ELISA) kit (DiaPlus Inc., Toronto, Ontario, Canada).

C-reactive protein (CRP) concentrations were measured in batches using commercial kits from Pars-Azmoon (Karaj, Iran) with an automated analyzer (Selectra Pro XL, Vital Scientific, Spankeren, The Netherlands).

Plasma IL-6 levels were assessed using an ELISA kit (LDN, GmBH, Germany).

The neutrophil-to-lymphocyte ratio (NLR) was calculated by dividing the absolute neutrophil count by the absolute lymphocyte count, both obtained from peripheral blood samples.





Primary and secondary outcomes

In this study, the primary outcome measures were serum IL-6 levels, SA-β-gal staining, and gene expression levels of p16, p21, IL6, and TNF-α, all serving as markers of cellular senescence and inflammation. Secondary outcome measures included serum concentrations of 25(OH)D, CRP, and NLR.





Statistical analysis

Statistical analysis was performed using SPSS version 20 (SPSS, Inc.). All hypothesis tests were two-tailed, and the statistical significance level was set at p < 0.05. The Kolmogorov–Smirnov test with a significance level of 5% and histograms and Q–Q plots were used to test continuous variables for the normality assumption. If the variables were skewed and nonnormally distributed, we used transformations like logarithm, square root, etc., to apply parametric tests. Qualitative data were reported as frequencies and percentages. Quantitative data were described using means ± SDs. The chi-square test assessed differences in categorical variables between groups. Independent-sample t-tests compared means between two groups, and one-way analysis of variance evaluated mean differences across the four groups at baseline. Post-intervention comparisons were made using analysis of covariance, adjusting for baseline values and age, with the Bonferroni post hoc test applied when significant main effects were observed.

The ΔΔCT method was used in real-time PCR analysis. ΔCT refers to the difference between the target gene’s threshold cycles (CT) and the internal control gene, GAPDH. The ΔΔCT value was computed by subtracting the mean ΔCT changes of genes in the intervention groups from the mean changes in the control group. Gene expression levels are then determined as fold changes, defined by 2−ΔΔct.






Results




Recruitment and follow-up

Among the 155 participants screened for this trial, 88 were included and randomly assigned to four groups. All participants [D1 (n = 22), D5 (n = 22), D1N (n = 22), and D5N (n = 22)] completed the study, resulting in a 100% participation rate among older adults.

According to follow-ups conducted during the study and supplement counts, compliance with the study protocol exceeded 90% in all groups. More details on recruitment, randomization, and follow-up are provided in Figure 1.





Baseline characteristics

Table 1 presents the baseline demographic characteristics, along with dietary and physical activity information. The mean age and BMI of the participants were 69.30 ± 4.14 years (range: 65–82 years) and 27.40 ± 1.77 kg/m² (range: 25–32 kg/m²), respectively. No significant differences were observed between the groups in terms of age, sex, weight, BMI, WC, physical activity, marital status, education level, time spent outdoors, or dietary intake at baseline.


Table 1 | Baseline characteristics at enrollment, according to randomized assignment to intervention groups.







Biochemical parameters

Table 2 presents the serum concentrations of Vit-D, IL-6, CRP, and NLR before and after the intervention, along with their pre- and post-treatment changes. After the 8-week intervention, the D5N group (mean: 26.0 ± 9.1 ng/ml; p < 0.001) and the D5 group (mean: 25.3 ± 5.2 ng/ml; p < 0.001) exhibited the most substantial increases in serum Vit-D compared to the D1 and D1N groups, respectively.


Table 2 | Serum concentrations of vitamin D, immune system markers and inflammatory factors at baseline and the eighth week, according to randomized assignment to intervention groups.



No significant differences were observed between the groups after the intervention in IL-6, CRP and the NLR.





SA-β-galactosidase staining of PBMCs

We developed a simple staining method to assess senescence in PBMCs, which was validated by the expression of senescence-associated genes. The results of SA-β-gal staining are presented in Table 2 and Figure 2.




Figure 2 | Percentage changes in the green area ratio across the four groups, representing the difference between week 8 and baseline. The green area ratio, measured using ImageJ software, quantified SA-β-gal activity. *Statistically significant p-value for the comparison of the D5 and D5N groups with the D1 group based on analysis of covariance adjusted for baseline values and age. NAC, N-acetylcysteine; D1, vitamin D 1000 IU; D5, vitamin D 5000 IU.



After the 8-week intervention, the quantification of SA-β-gal staining showed a significant decrease in the D5N (mean: −2.52% ± 1.52; p = 0.001) and D5 (mean: −1.70% ± 1.59; p = 0.001) groups compared to the D1 group. The decrease was most pronounced in the D5N group (see Figure 2).





p16, p21, IL6, and TNF-α gene expression

Gene expression values were calculated as fold change. Our findings showed that D5N and D5 supplementation significantly reduced p16 gene expression compared to the D1 group. Additionally, co-administration of NAC with D1 led to a significant decrease in p16 gene expression compared to the D1 group.

The reduction in p16 transcript levels was greatest in the D5N group (fold change: 0.009; p < 0.001), compared to the D5 (fold change: 0.006; p = 0.006) and D1N (fold change: 0.086; p = 0.040) groups (see Figure 3A).




Figure 3 | Gene expression of (A) P16, (B) P21, (C) IL6, and (D) TNF-α was calculated as fold change using the 2−ΔΔct method. The ΔΔCT value was determined by subtracting the mean ΔCT changes of the intervention groups from the mean ΔCT changes of the control group. The p-value was obtained from an independent t-test comparing the intervention groups with the D1 control group. IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; NAC: N-acetylcysteine.



As shown in Figure 3B, although p21 gene expression decreased in the D1N, D5, and D5N groups, the reduction was not statistically significant in any group.

D5 and D5N supplementation significantly reduced IL6 and TNF-α gene expression compared to the control group. However, the reduction was more pronounced in the D5N group than in the D5 group (IL6: fold change = 0.014, p = 0.001 vs. fold change = 0.026, p = 0.001; TNF-α: fold change = 0.006, p < 0.001 vs. fold change = 0.018, p = 0.003) (see Figures 3C, D).





Adverse events

No adverse effects were reported in any group during the intervention.






Discussion

Cell cycle arrest is a key characteristic of cellular senescence. The primary pathways regulating this arrest involve activation of the p53–p21 and p16 cascades, which prevent the cell from entering mitosis (30). This multi-step process leads to the overexpression of SA-β-galactosidase. β-galactosidase is a lysosomal hydrolase associated with replicative aging and the presence of autophagic vacuoles in senescent cells. Therefore, the SA-β-gal assay is the simplest and most commonly used method to evaluate the impact of various conditions or substances on senescent cell formation (31). In this study, we investigated the effects of NAC supplementation and two different doses of Vit-D on p16 and p21 gene expression, as well as SA-β-gal activity. We aimed to identify a safe and effective supplementation strategy to mitigate immunosenescence in older adults.

Accumulation of senescent cells in tissues and organs and subsequent age-related dysfunction mostly occur in older adults due to an impaired immune response that hinders the clearance of these cells (14, 32).

Our results showed that Vit-D supplementation at a dose of 5000 IU, alone or in combination with NAC, significantly downregulated p16, IL6, and TNF-α expression, along with reducing SA-β-gal activity in PBMCs, in Vit-D–deficient older individuals compared to the D1 group. However, these changes were higher in the D5N than in the D5 group. Additionally, our data showed that co-administration of NAC with 1000 IU of Vit-D significantly downregulated p16 transcript levels in PBMCs compared to Vit-D (1000 IU) alone.

Age-related oxidative stress and redox imbalance induce cellular senescence and SASP secretion (33). Meanwhile, two key factors contributing to immune cell dysfunction with aging are a significant decline in leukocyte and plasma glutathione (GSH) levels and Vit-D deficiency (34). Consistent with these findings, our results showed that NAC (a GSH precursor) and Vit-D supplementation reduced senescence markers in older individuals.

Several studies have identified a negative correlation between Vit-D levels and senescence markers, such as p16 expression and SASP production. Chen et al. reported that Vit-D supplementation inhibited cellular senescence and SASP secretion by reducing oxidative stress and DNA damage, thereby inactivating the p21 and p16 signaling pathways in Vit-D–deficient mice (35). In another study, Yang et al. reported that Vit-D supplementation inhibited osteocyte senescence and SASP secretion induced by natural aging by downregulating the p16 transcript (36). Furthermore, consistent with our findings on the enhanced effects of Vit-D with NAC supplementation, Chen et al. reported that NAC significantly reduced cellular senescence induced by Vit-D deficiency in mice. In other words, NAC was found to be as effective as Vit-D supplementation (17). Another study by these authors reported that NAC supplementation inhibited SASP production, including IL-6 and TNF-α, and reduced SA-β-gal activity in mice (24). Our previous clinical trial on individuals with obesity demonstrated that NAC supplementation significantly reduced serum IL-6 and CRP levels while downregulating p16 and IL6 gene expression in adipose tissue (15). Similar to aging, obesity is associated with the accumulation of senescent cells and accelerates age-related diseases. Therefore, targeting senescent cells may help prevent premature biological aging. Furthermore, a study in older women reported that NAC improves immune function by increasing the leukocyte glutathione pool and reducing plasma and leukocyte inflammatory markers, such as TNF-α (34). An in-vitro study demonstrated that NAC suppressed the secretion and gene expression of TNF-α and IL-6 in lipopolysaccharide-activated macrophages, thereby modulating the inflammatory response (37).

Based on our findings and similar studies, NAC supplementation appears to inhibit SASP secretion both directly and indirectly. Directly, it reduces ROS through its thiol group, while indirectly, it enhances the cellular antioxidant pool as a GSH precursor by stimulating cytosolic enzymes involved in GSH recovery. Additionally, NAC suppresses pro-inflammatory gene expression by blocking the translocation and nuclear activation of the NF-κB transcription factor (38).

On the other hand, Vit-D exerts its effects through genomic pathways by modulating proliferation, differentiation, and cytokine production in various immune cells that express Vit-D receptors (VDRs) and metabolizing enzymes (39). Beyond the genomic pathway, Vit-D also has non-canonical effects on aging and age-related diseases. Although it does not possess free radical scavenging activity, Vit-D exerts antioxidant and anti-inflammatory effects by regulating the expression of anti-aging genes such as Nrf2 and Klotho. This, in turn, upregulates detoxification enzymes, including glutathione peroxidase/reductase and superoxide dismutase (40). Vit-D can also function as a potent indirect antioxidant and modulate SASP secretion by inhibiting cyclooxygenase-2, maintaining genomic stability, downregulating TNF-α gene expression, and regulating key metabolic pathways in senescent cells. Notably, it inhibits NF-κB translocation, thereby controlling inflammation (22, 41).

We hypothesized that NAC combined with Vit-D would further reduce oxidative stress and enhance immunity by decreasing SA-β-gal activity and senescence-related gene expression in the PBMCs of older adults. Our findings support this hypothesis, as the greatest reduction in p16, p21, IL6, and TNF-α gene expression was observed in the D5N group. Notably, co-administration of NAC with Vit-D significantly reduced p16 gene expression in the D1N group compared to the D1 group. Consistent with our findings, several studies have reported that Vit-D supplementation combined with NAC enhances their effectiveness in reducing oxidative stress and inflammation. In a study on neonates with hypoxic-ischemic encephalopathy, Jenkins et al. reported that co-administration of NAC with Vit-D significantly reduced oxidative stress in both plasma and the CNS while improving CNS energetics (42). In another study by these authors, co-administration of Vit-D with NAC reduced neuroinflammation in neonatal male rats (43).

Recent reports have shown a positive association between GSH and Vit-D concentrations in adults (31). To explain the additive effects of taking Vit-D and NAC together, Vit-D induces glutathione reductase synthesis, enhancing GSH biosynthesis (44). Conversely, GSH deficiency and increased oxidative stress reduce the expression of genes involved in Vit-D metabolism, impairing its bioavailability (45). Therefore, co-administering NAC—an absorbable and stable GSH precursor—with Vit-D may enhance therapeutic efficacy by simultaneously modulating GSH biosynthesis and Vit-D metabolism.

Recently, NLR has been introduced as a novel hematological marker of systemic inflammation (46). Our findings showed that the standard dose of Vit-D alone did not significantly alter NLR in Vit-D–deficient older adults. However, NLR was significantly reduced from baseline in the D1N, D5, and D5N groups. These results are consistent with the effects of these supplements on p16 gene expression. NLR is a simple, inexpensive, and widely available marker that provides insight into a person’s immune status (46). The accumulation of senescent cells and the subsequent inflammation caused by SASP products can lead to an increased NLR (47, 48). A recent study in a healthy population reported that NLR was positively associated with age and BMI (49). These findings are consistent with the fact that the expression of senescence-related genes increases with age and BMI (50). In addition, evidence suggests that age-related diseases in which cellular senescence plays a role in their pathogenesis—such as diabetes (51, 52), cardiovascular diseases (51, 52), and neurodegenerative diseases (53, 54)—are associated with a high NLR. In light of these findings, our results suggest that an increase in NLR, alongside other senescence markers, may be a hallmark of immunosenescence.

Consistent with our findings, some studies on COVID-19 patients have reported that NAC and Vit-D supplementation can significantly reduce NLR by controlling oxidative stress and cytokine release (55, 56).

Based on the results of the current study and supporting evidence, NAC and Vit-D supplements may be considered senotherapeutic agents. When used together, they could yield enhanced effects.

This study had certain limitations. Since cholecalciferol is the primary treatment for Vit-D deficiency, providing it to all participants was an ethical necessity. Consequently, the control group received a maintenance dose of 1000 IU of Vit-D, meaning the study lacked a true placebo group. Additionally, we were unable to assess the independent effects of NAC in Vit-D–deficient older adults.

Based on our review of the scientific literature, this study is the first to investigate SA-β-gal staining in PBMCs as a simple and reliable marker of cellular senescence. Another strength of this study is the evaluation of two different doses of Vit-D, the co-administration of NAC with Vit-D, and their potential synergistic effects.





Conclusion

In conclusion, this randomized, double-blind clinical trial demonstrated that a loading dose of Vit-D significantly reduces SA-β-gal activity and the expression of p16, IL-6, and TNF-α genes in the PBMCs of Vit-D–deficient older adults compared to the standard dose. However, co-administration of NAC with both standard and loading doses of Vit-D enhanced these senotherapeutic effects. Our findings support a safe supplementation strategy to reduce senescence in immune cells, utilizing a simple and reliable method for PBMC senescence analysis.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The studies involving humans were approved by the Shahid Beheshti Ethic Committee (IR.SBMU.NNFTRI.REC.1402.033). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants.





Author contributions

SR: Data curation, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. KP: Conceptualization, Methodology, Writing – review & editing. SAR: Investigation, Writing – review & editing. GE: Formal analysis, Writing – review & editing. HZ: Conceptualization, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study is financially supported by Shahid Beheshti University of Medical Sciences, Tehran, Iran.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1570441/full#supplementary-material




References

1. Wilmoth, JR, Bas, D, Mukherjee, S, and Hanif, N. World social report 2023: Leaving no one behind in an ageing world. UN: United Nations, Department of Economic and Social Affairs (UNDESA), New York, USA. (2023).

2. Wang, Y, Dong, C, Han, Y, Gu, Z, and Sun, C. Immunosenescence, aging and successful aging. Front Immunol. (2022) 13:942796. doi: 10.3389/fimmu.2022.942796

3. Song, P, An, J, and Zou, MH. Immune clearance of senescent cells to combat ageing and chronic diseases. Cells. (2020) 9:671. doi: 10.3390/cells9030671

4. Roger, L, Tomas, F, and Gire, V. Mechanisms and regulation of cellular senescence. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms222313173

5. Regulski, MJ. Cellular senescence: what, why, and how. Wounds. (2017) 29:168–74.

6. Dodig, S, Čepelak, I, and Pavić, I. Hallmarks of senescence and aging. Biochemia medica. (2019) 29:483–97. doi: 10.11613/BM.2019.030501

7. Yin, Y, Chen, H, Wang, Y, Zhang, L, and Wang, X. Roles of extracellular vesicles in the aging microenvironment and age-related diseases. J Extracell Vesicles. (2021) 10:e12154. doi: 10.1002/jev2.v10.12

8. Pignolo, RJ, Passos, JF, Khosla, S, Tchkonia, T, and Kirkland, JL. Reducing senescent cell burden in aging and disease. Trends Mol Med. (2020) 26:630–8. doi: 10.1016/j.molmed.2020.03.005

9. Prata, LGL, Ovsyannikova, IG, Tchkonia, T, and Kirkland, JL. Senescent cell clearance by the immune system: Emerging therapeutic opportunities. Semin Immunol. (2018) 40:101275. doi: 10.1016/j.smim.2019.04.003

10. Kale, A, Sharma, A, Stolzing, A, Desprez, PY, and Campisi, J. Role of immune cells in the removal of deleterious senescent cells. Immun Ageing. (2020) 17:16. doi: 10.1186/s12979-020-00187-9

11. Fülöp, T, Larbi, A, and Witkowski, JM. Human inflammaging. Gerontology. (2019) 65:495–504. doi: 10.1159/000497375

12. Pereira, B, Xu, X-N, and Akbar, AN. Targeting inflammation and immunosenescence to improve vaccine responses in the elderly. Front Immunol. (2020) 11:583019. doi: 10.3389/fimmu.2020.583019

13. Kowald, A, Passos, JF, and Kirkwood, TBL. On the evolution of cellular senescence. Aging Cell. (2020) 19:e13270. doi: 10.1111/acel.v19.12

14. Ventura, MT, Casciaro, M, Gangemi, S, and Buquicchio, R. Immunosenescence in aging: between immune cells depletion and cytokines up-regulation. Clin Mol Allergy. (2017) 15:21. doi: 10.1186/s12948-017-0077-0

15. Sohouli, MH, Eslamian, G, Malekpour Alamdari, N, Abbasi, M, Fazeli Taherian, S, Behtaj, D, et al. Effects of N-acetylcysteine on aging cell and obesity complications in obese adults: a randomized, double-blind clinical trial. Front Nutr. (2023) 10:1237869. doi: 10.3389/fnut.2023.1237869

16. Šalamon, Š, Kramar, B, Marolt, TP, Poljšak, B, and Milisav, I. Medical and dietary uses of N-acetylcysteine. Antioxidants (Basel). (2019) 8. doi: 10.3390/antiox8050111

17. Sanlier, N, and Guney-Coskun, M. Vitamin D, the immune system, and its relationship with diseases. Egyptian Pediatr Assoc Gazette. (2022) 70:39. doi: 10.1186/s43054-022-00135-w

18. Kleiveland, CR. Peripheral blood mononuclear cells. In:  KCP Verhoeckx, and I López-Expósito, editors. The Impact of Food Bioactives on Health: in vitro and ex vivo models. Springer, Cham (CH (2015). doi: 10.1007/978-3-319-16104-4_15

19. Waterhouse, M, Tran, B, Ebeling, PR, English, DR, Lucas, RM, Venn, AJ, et al. Effect of vitamin D supplementation on selected inflammatory biomarkers in older adults: a secondary analysis of data from a randomised, placebo-controlled trial. Br J Nutr. (2015) 114:693–9. doi: 10.1017/S0007114515002366

20. Hasebe, K, Gray, L, Bortolasci, C, Panizzutti, B, Mohebbi, M, Kidnapillai, S, et al. Adjunctive N-acetylcysteine in depression: exploration of interleukin-6, C-reactive protein and brain-derived neurotrophic factor. Acta Neuropsychiatr. (2017) 29:337–46. doi: 10.1017/neu.2017.2

21. Whiting, SJ, and Calvo, MS. Correcting poor vitamin D status: do older adults need higher repletion doses of vitamin D3 than younger adults? Mol Nutr Food Res. (2010) 54:1077–84. doi: 10.1002/mnfr.200900536

22. Sosa-Díaz, E, Hernández-Cruz, EY, and Pedraza-Chaverri, J. The role of vitamin D on redox regulation and cellular senescence. Free Radic Biol Med. (2022) 193:253–73. doi: 10.1016/j.freeradbiomed.2022.10.003

23. Kıskaç, M, Soysal, P, Smith, L, Capar, E, and Zorlu, M. What is the optimal body mass index range for older adults? Ann Geriatr Med Res. (2022) 26:49–57. doi: 10.4235/agmr.22.0012

24. Faghfouri, AH, Zarezadeh, M, Tavakoli-Rouzbehani, OM, Radkhah, N, Faghfuri, E, Kord-Varkaneh, H, et al. The effects of N-acetylcysteine on inflammatory and oxidative stress biomarkers: A systematic review and meta-analysis of controlled clinical trials. Eur J Pharmacol. (2020) 884:173368. doi: 10.1016/j.ejphar.2020.173368

25. Płudowski, P, Kos-Kudła, B, Walczak, M, Fal, A, Zozulińska-Ziółkiewicz, D, Sieroszewski, P, et al. Guidelines for preventing and treating vitamin D deficiency: A 2023 update in Poland. Nutrients. (2023) 15. doi: 10.3390/nu15030695

26. Rusu, ME, Bigman, G, Ryan, AS, and Popa, DS. Investigating the effects and mechanisms of combined vitamin D and K supplementation in postmenopausal women: an up-to-date comprehensive review of clinical studies. Nutrients. (2024) 16. doi: 10.3390/nu16142356

27. Holick, MF. The vitamin D deficiency pandemic: Approaches for diagnosis, treatment and prevention. Rev Endocr Metab Disord. (2017) 18:153–65. doi: 10.1007/s11154-017-9424-1

28. Barati, M, Hansson, EE, Taheri-Kharameh, Z, and Topolski, TD. Translation, validity and reliability of the persian version of the rapid assessment of physical activity questionnaire. BMC Geriatr. (2024) 24:452. doi: 10.1186/s12877-024-05065-3

29. Debacq-Chainiaux, F, Erusalimsky, JD, Campisi, J, and Toussaint, O. Protocols to detect senescence-associated beta-galactosidase (SA-betagal) activity, a biomarker of senescent cells in culture and in vivo. Nat Protoc. (2009) 4:1798–806. doi: 10.1038/nprot.2009.191

30. González-Gualda, E, Baker, AG, Fruk, L, and Muñoz-Espín, D. A guide to assessing cellular senescence in vitro and in vivo. FEBS J. (2021) 288:56–80. doi: 10.1111/febs.15570

31. Valieva, Y, Ivanova, E, Fayzullin, A, Kurkov, A, and Igrunkova, A. Senescence-associated β-galactosidase detection in pathology. Diagnostics (Basel). (2022) 12. doi: 10.3390/diagnostics12102309

32. Majewska, J, Agrawal, A, Mayo, A, Roitman, L, Chatterjee, R, Sekeresova Kralova, J, et al. p16-dependent increase of PD-L1 stability regulates immunosurveillance of senescent cells. Nat Cell Biol. (2024) 26:1336–45. doi: 10.1038/s41556-024-01465-0

33. Pole, A, Dimri, M, and Dimri, GP. Oxidative stress, cellular senescence and ageing. AIMS Mol sci. (2016) 3. doi: 10.3934/molsci.2016.3.300

34. Arranz, L, Fernández, C, Rodríguez, A, Ribera, JM, and de la Fuente, M. The glutathione precursor N-acetylcysteine improves immune function in postmenopausal women. Free Radic Biol Med. (2008) 45:1252–62. doi: 10.1016/j.freeradbiomed.2008.07.014

35. Chen, L, Yang, R, Qiao, W, Zhang, W, Chen, J, Mao, L, et al. 1,25-Dihydroxyvitamin D exerts an antiaging role by activation of Nrf2-antioxidant signaling and inactivation of p16/p53-senescence signaling. Aging Cell. (2019) 18:e12951. doi: 10.1111/acel.2019.18.issue-3

36. Yang, R, Chen, J, Zhang, J, Qin, R, Wang, R, Qiu, Y, et al. 1,25-Dihydroxyvitamin D protects against age-related osteoporosis by a novel VDR-Ezh2-p16 signal axis. Aging Cell. (2020) 19:e13095. doi: 10.1111/acel.13095

37. Palacio, JR, Markert, UR, and Martínez, P. Anti-inflammatory properties of N-acetylcysteine on lipopolysaccharide-activated macrophages. Inflammation Res. (2011) 60:695–704. doi: 10.1007/s00011-011-0323-8

38. Tenório, M, Graciliano, NG, Moura, FA, Oliveira, ACM, and Goulart, MOF. N-acetylcysteine (NAC): impacts on human health. Antioxidants (Basel). (2021) 10. doi: 10.3390/antiox10060967

39. Meza-Meza, MR, Ruiz-Ballesteros, AI, and de la Cruz-Mosso, U. Functional effects of vitamin D: From nutrient to immunomodulator. Crit Rev Food Sci Nutr. (2022) 62:3042–62. doi: 10.1080/10408398.2020.1862753

40. Boaventura, BCB, and Cembranel, F. Protective effect of vitamin D on oxidative stress in elderly people. In:  Preedy, VR, and Patel, VB, editors. Aging. 2nd ed. Cambridge, MA: Academic Press. (2020) p. 337–43. doi: 10.1016/B978-0-12-818698-5.00036-5

41. Al-Oanzi, ZH, Alenazy, FO, Alhassan, HH, Alruwaili, Y, Alessa, AI, Alfarm, NB, et al. The role of vitamin D in reducing the risk of metabolic disturbances that cause cardiovascular diseases. J Cardiovasc Dev Dis. (2023) 10. doi: 10.3390/jcdd10050209

42. Jenkins, DD, Moss, HG, Brown, TR, Yazdani, M, Thayyil, S, Montaldo, P, et al. NAC and vitamin D improve CNS and plasma oxidative stress in neonatal HIE and are associated with favorable long-term outcomes. Antioxidants. (2021) 10:1344. doi: 10.3390/antiox10091344

43. Lowe, DW, Fraser, JL, Rollins, LG, Bentzley, J, Nie, X, Martin, R, et al. Vitamin D improves functional outcomes in neonatal hypoxic ischemic male rats treated with N-acetylcysteine and hypothermia. Neuropharmacology. (2017) 123:186–200. doi: 10.1016/j.neuropharm.2017.06.004

44. Jain, SK, and Micinski, D. Vitamin D upregulates glutamate cysteine ligase and glutathione reductase, and GSH formation, and decreases ROS and MCP-1 and IL-8 secretion in high-glucose exposed U937 monocytes. Biochem Biophys Res communications. (2013) 437:7–11. doi: 10.1016/j.bbrc.2013.06.004

45. Jain, SK, Justin Margret, J, Abrams, SA, Levine, SN, and Bhusal, K. The impact of vitamin D and L-cysteine co-supplementation on upregulating glutathione and vitamin D-metabolizing genes and in the treatment of circulating 25-hydroxy vitamin D deficiency. Nutrients. (2024) 16. doi: 10.3390/nu16132004

46. Zahorec, R. Neutrophil-to-lymphocyte ratio, past, present and future perspectives. Bratisl Lek Listy. (2021) 122:474–88. doi: 10.4149/BLL_2021_078

47. Wunderlich, R, Ruehle, P-F, Deloch, L, Unger, K, Hess, J, Zitzelsberger, H, et al. Interconnection between DNA damage, senescence, inflammation, and cancer. Front Biosci. (2017) 22:348–69. doi: 10.2741/4488

48. Freund, A, Orjalo, AV, Desprez, PY, and Campisi, J. Inflammatory networks during cellular senescence: causes and consequences. Trends Mol Med. (2010) 16:238–46. doi: 10.1016/j.molmed.2010.03.003

49. Li, J, Chen, Q, Luo, X, Hong, J, Pan, K, Lin, X, et al. Neutrophil-to-lymphocyte ratio positively correlates to age in healthy population. J Clin Lab Anal. (2015) 29:437–43. doi: 10.1002/jcla.2015.29.issue-6

50. Salvestrini, V, Sell, C, and Lorenzini, A. Obesity may accelerate the aging process. Front Endocrinol (Lausanne). (2019) 10:266. doi: 10.3389/fendo.2019.00266

51. Verdoia, M, Schaffer, A, Barbieri, L, Aimaretti, G, Marino, P, Sinigaglia, F, et al. Impact of diabetes on neutrophil-to-lymphocyte ratio and its relationship to coronary artery disease. Diabetes Metab. (2015) 41:304–11. doi: 10.1016/j.diabet.2015.01.001

52. Shakeri, H, Lemmens, K, Gevaert, AB, De Meyer, GRY, and Segers, VFM. Cellular senescence links aging and diabetes in cardiovascular disease. Am J Physiol Heart Circ Physiol. (2018) 315:H448–h62. doi: 10.1152/ajpheart.00287.2018

53. Wang, Y, Kuca, K, You, L, Nepovimova, E, Heger, Z, Valko, M, et al. The role of cellular senescence in neurodegenerative diseases. Arch Toxicol. (2024) 98:2393–408. doi: 10.1007/s00204-024-03768-5

54. Jacobs, T, Jacobson, SR, Fortea, J, Berger, JS, Vedvyas, A, Marsh, K, et al. The neutrophil to lymphocyte ratio associates with markers of Alzheimer’s disease pathology in cognitively unimpaired elderly people. Immun Ageing. (2024) 21:32. doi: 10.1186/s12979-024-00435-2

55. Prabowo, NA, Megantara, MA, and Apriningsih, H. The role of N-acetylcysteine in decreasing neutrophil-lymphocyte ratio in COVID-19 patients: A double-blind, randomized controlled trial. Narra J. (2023) 3:e121. doi: 10.52225/narra.v3i2.121

56. Maghbooli, Z, Sahraian, MA, Jamalimoghadamsiahkali, S, Asadi, A, Zarei, A, Zendehdel, A, et al. Treatment with 25-hydroxyvitamin D(3) (Calcifediol) is associated with a reduction in the blood neutrophil-to-lymphocyte ratio marker of disease severity in hospitalized patients with COVID-19: A pilot multicenter, randomized, placebo-controlled, double-blinded clinical trial. Endocr Pract. (2021) 27:1242–51. doi: 10.1016/j.eprac.2021.09.016




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Rastgoo, Pourvali, Raeissadat, Eslamian and Zand. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Co-administration of vitamin D and N-acetylcysteine to modulate immunosenescence in older adults with vitamin D deficiency: a randomized clinical trial

      

        		

          Background

        



        		

          Method

        



        		

          Results

        



        		

          Conclusions

        



        		

          Clinical trial registration

        



        		

          Introduction

        



        		

          Methods

        

          		

            Trial design and participant

          



          		

            Randomization and interventions

          



          		

            Treatment and follow-up

          



          		

            Procedures

          



          		

            Anthropometric measurements

          



          		

            Dietary intake assessments and physical activity

          



          		

            PBMC isolation and SA-β-gal staining

          



          		

            RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain reaction

          



          		

            Biochemical assays

          



          		

            Primary and secondary outcomes

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Recruitment and follow-up

          



          		

            Baseline characteristics

          



          		

            Biochemical parameters

          



          		

            SA-β-galactosidase staining of PBMCs

          



          		

            p16, p21, IL6, and TNF-α gene expression

          



          		

            Adverse events

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1570441-g003.jpg
<

p=0.059

p=0.657 I I
p=0.190

I R T T B S B
©O ©O ©O O © © © © ©

[0.1)U0D 0) dANR[X AFueyd plog

- =]

G R B L B (B T =
©O ©O ©O O © © © © ©
[013U0) 0) A e[ AFueyd plog

21

-
(=]

p<0.001

0.006

p=

p=10.040

P16

O

-

-

=0.213

Qw9 n St MmN oo

S ©6 6 66 6 6 o ©
[013U0D 0) IANR[AL ASUBYD PO

p=0.113

R T T T B BT B
© O ©O © O ©o © © ©
[013U0) 0) AN AFuRYd ploy

p<0.001

0.003

p=

TNF-a

p=0.001

p=10.001

1L6





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Vit D 1000 Vit D 5000 Vit D 1000 + Vit D 5000 +

(n=22) (n=22) NAC (n= 22) NAC (n= 22)

Serum 25(0OH)D, ng/mL

Baseline 20.5+£4.0 193+ 46 197 £ 49 189 £ 4.5 0.693*
Week 8 27.1+43 4.6+74 256 +43 449 £10.0 <0.001%¥b<d
Changes *** 66+34 25352 59+58 260 +9.1 <0.001**bed

Serum IL-6, pg/mL

Baseline 83.5 +69.1 933 £ 629 96.6 + 85.4 814 +48.0 0.852*
Week 8 43.5 +55.1 40.7 £ 59.1 46.3 + 104.9 27.1 £42.5 0.852**
Changes *** -40.0 +77.6 -52.7 + 86.0 -50.3 + 105.7 -54.4 + 62.2 0.852**

Serum CRP, mg/L

Baseline 5.69 +2.10 6.26 + 1.87 6.26 + 1.87 6.13 + 1.46 0.749*

Week 8 4.78 + 1.46 4.45 £0.98 4.45 + 0.98 4.58 + 1.46 0.380*

Changes *** -0.91 + 1.61 -1.81 £ 1.72 -1.54 £ 2.15 -1.82 £ 1.58 0.380*
NLR

Baseline 1.89 £ 0.77 1.73 + 047 2.06 £ 0.74 1.99 + 0.67 0.404*

Week 8 161 + 0.67 142 £0.27 1.53 + 0.37 146 + 0.44 0.423**

Changes *** -0.28 +£0.76 -0.31 £ 0.32 -0.53 £ 0.60 -0.52 £+ 0.51 0.423*

SA-B-gal activity (green area ratio%)

Baseline 3.02 + 175 3.30 £2.03 3.03 £ 1.98 420 +2.18 0.171*
Week 8 240 + 1.46 1.60 + 1.32 2.01 £ 133 1.68 + 1.31 0.001**a,b
Changes *** -0.62 + 1.32 -1.70 + 1.59 -1.02 + 1.58 -2.52 £ 1.52 0.001**a,b

Values are mean + standard deviation unless otherwise noted.
*Based on ANOVA.

**Based on ANCOVA adjusted for baseline values and age.
***Changes reflect week 8  baseline values.

P<0.05; Vit D 1000 in compare Vit D 5000.

bP<0. it D 1000 in compare Vit D 5000 + NAC.

€P<0.05; Vit D 5000 in compare Vit D 1000 + NAC.

4P<0.05; Vit D 1000 + NAC in compare Vit D 5000 + NAC.

25(OH)D, 25-hydroxyvitamin D; CRP, c-reactive protein; IL-6, interleukin-6; NLR, neutrophil-to-lymphocyte ratio.





OEBPS/Images/fimmu.2025.1570441_cover.jpg
& frontiers | Frontiers in Immunology

Co-administration of vitamin D and N-
acetylcysteine to modulate
immunosenescence in older adults with
vitamin D deficiency: a randomized clinical
trial





OEBPS/Images/fimmu-16-1570441-g001.jpg
Enroliment l Assessed for eligibility (n= 155) ‘

Excluded (n=67)
T Serum vitamin D > 30 ng/ml (n=46)
L » | O Diagnosis of diabetes (n= 6)
O Use of Hydrochlorothiazide, vitamin D, or
antioxidant supplements (n= 15)

22 randomly assigned to
received 8-week vit
D5& NAC
intervention

22 randomly assigned to 22 randomly assigned to 22 randomly assigned to
received 8-week vit.D1 received 8-week received 8-week vit.D5
intervention vit.D1& NAC intervention

intervention

Lost to follow-up (n=0) Lost to follow-up (n=0) Lost to follow-up (n=0) Lost to follow-up (n=0)

Discontinued intervention
(n=0)

Discontinued intervention Discontinued intervention Discontinued intervention
(0=0) (0=0) (0=0)

Analysed (n=22)

Analysed (n=22)

Analysed (n=22)

Analysed (n=22)






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1570441-g002.jpg
© ® O0®WO0 ® © ©0 0 ©0 o

0 @ oocm® © 0o ©

o Q 8 8 =] 3
= =] 8 =] =] (=]
o g Y @ 3

(sabueys jo o) |eB-g-vs

DSN

DS

DIN

D1





OEBPS/Images/table1.jpg
Vit D 1000 Vit D 5000 Vit D 1000 + Vit D 5000 +

Characteristic* (n=22) (n= 22) NAC (n= 22) NAC (n= 22) P valuex
Age, year 69.5+2.9 687+ 40 703 + 49 688 +4.6 0.561
Sex, no. (%)
Male 9.(409) 10 (45.5) | 14 (63.6) 7(318) 0811
Female 13 (59.1) 12 (545) 8 (36.4) 15 (68.2)
Education, no. (%) 0475
Primary school 4 (18.2) 3 (13.6) 3 (13.6) 2(9.1)
Secondary school 10 (45.5) 11 (500) 11 (500) 15 (68.2)
Bachelor’s degree 8 (36.4) 8 (36.4) 6(273) 3(13.6)
Master's/doctoral degree 0(0) 0(0) 2(9.0) 200.)
Serum 25(0H)D, ng/mL 205 +4.0 193+ 46 197 +49 189 +45 0.693
:;'fdwem outdoars, 6184235 625+ 222 587+ 196 7024193 0322
BMI, kg/m? 27.7+1.8 271417 279 +20 269+ 15 0.205
Waist circumference, cm 917 +82 940495 93.9 +94 93863 0.783
Rliysteal activity 373 £0985 3.86 + 1167 391 £ 0971 395 + 1133 0.906
(RAPA score)
Dietary intakes
Energy intake, keal/d 2051 + 359 1902 + 253 1935 + 277 1948 + 291 0.382
Carbohydrates, g/d 280 + 53 257+ 44 254 + 41 262+ 47 0259
Protein, g/d 70+ 14 6410 69+ 12 67 £ 11 0937
Fat, g/d 79418 7715 79+ 14 80+18 0341
PUFA, g/d 230478 2048 215470 198+ 638 0.468
MUFA, g/d 240 +6.0 207 +53 237+ 81 232468 0.368
Fiber, g/d 138452 128429 137 + 46 140 £55 0813
Zing, mg/d 79425 85424 90 +24 82418 0427
Vitamin E, mg/d 173480 166+ 97 186+ 97 138467 0.306
Vitamin A, pug/d 1126 + 762 678 + 570 710 + 589 897 + 825 0.130
Vitamin C, mg/d 155 £75 162+ 56 154 % 66 188+ 79 0332
Vitamin D, pg/d 0,056 + 0.264 0.356 + 0.693 0311 + 0,614 0473 £ 0.611 0.140
Selenium, pg/d 0.126 + 0,027 0.127 + 0,028 0.128 + 0,030 0.118 +0.027 0.635
Beta-carotene, ig/d 815 + 794 417+ 628 389 + 505 413 £ 742 0.134

*Values are mean + standard deviation unless otherwise noted.
*Using ANOVA or Chi-square, as appropriate.
25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; MUFA, monounsaturated fatty acid; NAC, N-acetylcysteine; PUFA, polyunsaturated fatty acids.





