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Clinical trial registration: Pneumonia is a major public health problem for older adults, being one of the leading causes of hospitalization and death, particularly for elderly nursing home residents. We previously conducted a clinical trial in which we demonstrated that 29% of nursing home residents had low serum zinc levels coinciding with a two-fold increase in pneumonia incidence and duration in comparison to individuals with adequate serum zinc levels. However, causality could not be inferred and necessitates a double-blind clinical trial. To determine the appropriate supplementation dose for such a trial we are conducting a randomized, placebo-controlled, double-blind clinical pilot trial aimed at delineating the optimal dosage (30 and 60 mg/day elemental Zn) and establishing safety. The results from the pilot study will be leveraged to inform our larger randomized clinical trial designed to study the effect of zinc supplementation in nursing home elderly with low serum zinc levels on respiratory infections, antibiotic use, and duration of sick days with pneumonia. In tandem with dose optimization, we will evaluate the correlation between serum zinc and pan-T cell zinc levels, given that T cells and their zinc levels are important in the response and resolution of respiratory infections but whose correlation has only been extrapolated and not demonstrated. Herein we present the study rationale and protocol, as well as discuss specific challenges we encountered in securing a manufacturer for the study agents and when recruiting from nursing home populations during the COVID-19 pandemic. In light of these experiences, we provide recommendations for future clinical trials under circumstances where supply chains are disrupted, and recruitment pools are constrained or unavailable.
https://clinicaltrials.gov/, NCT05527899.
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1 Introduction

Pneumonia (PNA) poses a significant public health challenge, particularly for older individuals residing in nursing homes (NH) (1). In comparison to independently living older adults, NH residents have a higher frequency of infections, with PNA being the leading cause of infection-related hospitalization (2–4). Recent data points to a concerning trend of increasing incidence and mortality from PNA in older individuals (5). The annual incidence of PNA for older adults (>65 y) residing in the community is estimated at between 25 and 44 per 1,000 persons (4), whereas in long-term care facilities the incidence ranges from 99 to 912 episodes per 1,000 persons, with a median of 365 per 1,000 persons, a tenfold difference in incidence (1). When combined with influenza, PNA becomes the 5th leading cause of death in elderly individuals aged 65 to 74 y and the death rate from these infections increases exponentially above the age of 55 y (3). The economic impact of PNA is high, with treatment costs of $480/case in NH, and the cost for hospitalization exceeding $7,000/case (6). Therefore, it is imperative to implement effective strategies to prevent PNA in older adults.

One important contributing factor to the higher incidence of PNA in older adults is the age-associated decline in T cell function and the naïve T cell pool (7, 8). Intriguingly, there are striking similarities between zinc (Zn) deficiency and age-induced immunological changes (9, 10). In both cases, T cell defects have been identified as key contributors to higher susceptibility, morbidity, and mortality from infectious diseases, including PNA (9, 11–16). Previously, we reported that that 29% of NH residents in and around the Boston area had low serum Zn levels (<70 mg/dL), which was associated with significantly higher incidence and duration of PNA, increased antibiotic use, and overall mortality (17). Importantly, these associations were independent of age, BMI, albumin levels, other micronutrient levels, C-reactive protein (CRP), and other predisposing diseases for PNA.

Many studies have demonstrated that Zn supplementation enhances T cell-mediated function in Zn-deficient individuals, such as the elderly. Preliminary findings from our randomized, double-blind, placebo-controlled trial revealed that supplementation of elderly individuals with low serum Zn levels with 30 mg/d of Zn gluconate for 3 months improved serum Zn levels in majority but not all of the older adults (18). Specifically, 42% of those who completed the study in the Zn group did not reach adequate serum Zn concentrations (≥70 μg/dL) by month 3; these participants had very low serum Zn levels at baseline, with a mean ± SD of 53 ± 6 μg/dL and a range of 44–60 μg/d. Adjustment to increased Zn intake in highly Zn-deficient participants may require higher level of Zn supplementation or longer than 3 month supplementation period. Regardless, in this study we observed on average a significant increase in the percent of CD4+ T cells, and better maintained T cell function. A significant correlation between serum Zn level and T cell function, as assessed by their ability to proliferate, was also observed.

While our observational findings are supported by a small study conducted by Prasad et al. in which older adults supplemented with 45 mg/d of Zn for 12 months exhibited lower incidence of all infections including RI (19), there is an urgent need to demonstrate the efficacy of supplemental Zn to prevent pneumonia in older adults through a prospective clinical trial of adequate size and duration. As the first step toward that goal, we are conducting a 1-year double blind, placebo-controlled study to determine the effective and safe Zn supplementation dosage for NH residents. This dose will subsequently be used in a larger clinical trial to determine the effect of Zn supplementation in elderly NH patients with low serum Zn levels on the incidence of and morbidity from PNA. Additionally, results from a recent meta-analysis (20) indicated that Zn supplementation reduces the length of hospitalization in children with respiratory diseases. This further underscores the potential impact of Zn on respiratory health across different age groups.

Furthermore, while serum Zn levels serve as a reliable marker of Zn status at the population level and have been demonstrative to be responsive to supplementation, there is controversy about their accuracy in reflecting cellular Zn levels, which are important for optimal immune cell function, at the individual level. Since intracellular Zn levels are higher than serum levels, it is plausible that the serum Zn level may give an incomplete picture of cellular Zn state of an individual. Consequently, even in the presence of cellular Zn deficiency, serum Zn levels might fall within the lower end of the normal range. Therefore, as part of our primary objective, this pilot study will also evaluate how well serum Zn levels reflect cellular labile Zn levels prior to- and post-Zn supplementation. The findings of this proposal are scientifically essential, yet also sufficient, to make definitive decisions that inform the final design of our planned clinical trial.



2 Methods and analysis


2.1 Design

We are conducting a one-year long RCT to determine an effective and safe Zn supplementation dosage for elderly NH residents with low serum Zn levels (< 70 μg/dL), this threshold is recommended by Institute of Medicine, Panel on micronutrients (21) and others (22). Two Zn dosages, 30 or 60 mg/d, will be tested. The primary objectives are to establish the optimal dose of Zn supplementation required to achieve adequate serum Zn levels and estimate the correlation between serum and intracellular labile Zn levels. The secondary objectives are to assess adverse events and immune outcomes and collect data on PNA to design a larger clinical trial effectively. The selection of the dose will be determined by the combination of time and dosage that exceeds threshold for achieving adequate serum Zn levels in the majority of subjects (>90%) while remains below designated threshold for incidence of the side effects (<10% moderate or severe side effects, see below).

A total of 105 male and female elderly subjects (≥65 y) with low serum Zn (<70 μg/dL) will be enrolled from a NH within 1 h driving distance from Boston (from an estimated 16 NHs, ~900 residents) and be assigned to one of the 3 groups. Group 1 will serve as control and will receive a capsule containing ½ Recommended Dietary Allowance (RDA) of all the essential micronutrients (MN), including 5 mg of elemental Zn (1/2 RDA MN); group 2 will receive a capsule containing ½ RDA MN including 30 mg/d elemental Zn, and group 3 will receive a capsule containing ½ RDA MN including 60 mg/d elemental Zn. Zn is provided as Zn gluconate. The overall study design and number of subjects is shown in Figure 1 and the frequency of data collection is shown in Table 1.
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FIGURE 1
 Zinc intervention in the elderly for prevention of pneumonia study flow diagram.




TABLE 1 Zinc intervention in the elderly for prevention of pneumonia study outcomes and collection frequency.
[image: Table showing data collection at baseline and every four months up to month twelve. Parameters include age, sex, race, ethnicity, socioeconomic status (SES), supplement use, smoking status, alcohol status, disease status, prescribed medication, serum and intracellular zinc, T cell profile, and various blood tests. Baseline data is filled in all categories, while subsequent months are initially empty. Notes explain specific tests and additional data collected every two weeks.]

We will use each NH unit’s dose dispensing system to deliver the capsules as in our previous NH Study (23). In that study, 98% of subjects consumed the capsule for more than 90% of the 1-y supplementation period. Adherence will be checked by measurement of Zn from blood samples collected every 4 months (Table 1).



2.2 Study population and eligibility criteria

Study participants will be long-stay elderly NH residents (≥65 y). Long-stay residents of NH are at high risk of PNA and have higher morbidity and mortality due to PNA (3). Our previous study showed that Zn deficiency is prevalent in NH residents (29%), and those with low Zn had higher incidence and morbidity from PNA (17). In addition, the need for a year-long study to capture seasonal variation in infection, for careful documentation of infections, and to keep as many as dietary and environmental factors constant in our future randomized clinical trial, makes the NH setting preferable.


2.2.1 Inclusion criteria

The inclusion criteria for this study are: older individuals (≥ 65 y), with a > 6-month life expectancy (as judged by the physician), who are willing to be randomized into the 3 study groups, can swallow pills, are not currently on antibiotics, willing to receive influenza vaccine, and have a BMI > 18 kg/m2 and albumin >3.0 g/dL (Table 2). If participant is consuming RDA levels of supplement, they must be willing to replace their supplement with our control supplement. Calcium, vitamin D, and iron supplements are permitted.



TABLE 2 Exclusionary and inclusionary criteria.
[image: Table listing inclusion and exclusion criteria. Inclusion criteria: elderly individuals over sixty-five, with more than six months life expectancy, willing to be randomized, can swallow pills, not on antibiotics, willing to replace current supplements, willing to receive influenza vaccine, BMI over eighteen and albumin over three grams per deciliter. Exclusion criteria: anticipated transfer or discharge soon, bedridden for past months, certain diseases needing specific treatments, long-term catheter use, tracheostomy, chronic antibiotic treatment, low BMI and albumin, excessive supplement use affecting immunity, recent infections.]



2.2.2 Exclusion criteria

Our selection of long-term NH elderly and exclusion criteria (Table 2) will eliminate most comorbid conditions that could overwhelm contributions of the immune system and thus the effect of our intervention. Exclusionary criteria includes: anticipated transfer or discharge within 3-months of enrollment, bed- or room-bound continuous for the previous 3-months; presence of lung neoplastic diseases or other active neoplastic diseases requiring chemotherapy and/or immunosuppressive drugs (including ≤10 mg/day prednisone); nasogastric or tube-feeding; long-term (≥ 30 days) IV or urethral catheters; presence of tracheostomy or chronically ventilator-dependent; chronic prophylactic antibiotic treatment or long-term antibiotics; those with PEM defined as albumin <3.0 g/dL and BMI < 18 kg/m2; consumption of supplements containing more than the RDA level of nutrients known to affect immune responses, i.e., vitamin E, C, B6, selenium, Zn, or β-carotene. Diagnosis of PNA or other infection at baseline will not exclude subject participation but will postpone enrollment to 4 wks after PNA symptoms have cleared.




2.3 Intervention

We are conducting a randomized, double-blind, and placebo-controlled trial, in which Zn deficient NH elderly (< 70 μg/dL) will be supplemented with a control (½ RDA of all micronutrients including 5 mg/d of Zn) or ½ RDA of micronutrients with total of 30 or 60 mg/ of elemental Zn for 12 months.



2.4 Outcomes


2.4.1 Primary outcomes

The primary outcomes of this study are twofold: to identify an effective and safe Zn supplementation dosage for NH residents as well as to investigate the correlation between serum and cellular T cell or neutrophil Zn levels. Blood will be collected using appropriate Zn-free syringes, gloves, and tubes. Serum Zn concentration will be measured as described (24, 25). To quantify labile Zn in neutrophils RBC’s will initially be removed from whole blood using an RBC lysis buffer (eBioscience) compatible with flow cytometric analysis and minimally impacting lymphocytes. For assessment of labile Zn in pan-T cells, PBMC’s will be isolated using SepMate PBMC isolation tubes following the manufacturer’s instructions. Labile Zn in both pan-T cells and neutrophils will be determined as previously reported (26). Briefly, each resulting cell suspension, containing an estimated 2 × 106 cells, will be loaded with 1 μM FluoZin3-AM ester and incubated with 2 μM N, N, N′, N′- tetrakis-(2 pyridylmethyl) ethylenediamine (TPEN, for minimum value or Fmin) or 100 μM Zn sulfate and 50 μM pyrithione (for maximum value or Fmax). The cells will then be stained with fluorescence labeled anti-CD3 (T cells) or anti-CD16b (neutrophil) antibody. Pan-T cells will be analyzed in a flow cytometer for the fluorescence intensity of FluoZin-3 in FL-1 and anti-CD3 in FL-4, while neutrophils will undergo flow cytometric analysis for fluorescence intensity of FluoZin-3 in FL-1 and anti-CD16b in the FL-4 channel.



2.4.2 Secondary outcomes

The secondary outcomes of this study are: (1) T cell number and phenotype, (2) T cell proliferation, (3) PNA incidence, duration, hospitalization, and antibiotic use, (4) number of adverse events including gastrointestinal symptoms (such as nausea, vomiting, abdominal pain), and (5) Cu levels. We will also measure white blood cell count and differential, clinical chemistry for assessment of anemia, general health, and CRP and albumin level for any correction needed for serum Zn level. Fe and Ferritin will be assessed to determine if any anemia observed is due to copper (Cu) and not Fe. At baseline, age, sex, ethnicity, smoking and alcohol history, past and present supplement use, weight, BMI, diseases, medication use, transfer, and hospitalization will be recorded. In addition, new diagnosis, and medication will be recorded throughout the study.

Total pan-T cells, helper T cells (CD3+), and cytotoxic T cells (CD8+) in PBMC’s will be determined by measuring populations of CD3+, CD4+, and CD8+ cells, respectively, using a flow cytometry method previously described in our Zn supplementation study (18). T cell proliferation, a measure of function, will be assessed by incubating PBMC’s in the presence of T cell mitogens Concanavalin A (Con A) or Phytohemagglutinin (PHA), or antibodies against CD3 (T cell receptor) and CD28 (T cell co-receptor) for 72 h. Cultures will be pulsed with 0.5 μCi [3H]-thymidine (Perkin Elmer) during the last 4 h of incubation and then harvested onto glass-fiber mats (Wallac) with a Perkin Elmer cell harvester (Perkin Elmer). Cell proliferation will be assessed by the amount of [3H]-thymidine incorporated into the DNA as determined with the liquid-scintillation counting with a Micro Beta 2 MicroPlate counter (Perkin Elmer).

While the study is not powered to determine incidence of PNA, we will document PNA incidence to gain insight into any logistical issues and, if needed, adjust sample size for the clinical trial. We will diagnose PNA using criteria established by the Infectious Diseases Society of America/American Thoracic Society IDSA/ATS on community acquired pneumonias (27). In this pilot trial sputum cultures and chest X rays will only be obtained by the discretion of the care-taking doctor. The study physicians will collect data from the subject examinations, interviews, and record reviews to determine incidence and duration of PNA. Symptoms can include cough with or without sputum production, chest pain, dyspnea, and fever. Signs of infection include elevated temperature (≥38°C), tachycardia, tachypnea, abnormal breath sounds, and dullness to percussion of the chest. The diagnosis requires radiological findings of 1 or more new pulmonary infiltrates. An infection is considered resolved when all symptoms cease. A new infection is defined as one occurring after ≥7 symptom-free days. These procedures were successfully used in our previous study (17). We will visit each individual NH routinely every 2 weeks and perform a chart review and a focused physical exam (lung for PNA and GI, for adverse events) on all study participants. While not a secondary outcome of the study, upper and other lower RIs will be documented using procedures described before (17).

We will screen and record NH residents every 2 weeks for the following symptoms/adverse events: (1) Minor side effects: Nausea, and bad taste. These side effects were relatively common in studies using doses well above 60 mg/day. If patients are willing to continue taking Zn despite these minor side effects, we will continue Zn supplementation. (2) Moderate side effects: Nausea, vomiting, stomach pain, diarrhea. These adverse events are extremely rare at doses of 30 and 60 mg/day. These will be designated as not acceptable, and participants will be dropped from the study. (3) Severe side effects: Flu-like symptoms (fever, chills, cough, headache), neurologic symptoms such as paresthesia, gait disturbance or photophobia. These adverse events have not been reported at doses of 30 and 60 mg/d. Participants exhibiting these adverse events will be dropped from the study. We will record the number of side effects and their duration throughout the 12-months duration of the study for both Zn doses. If treatment stops due to adverse events this event will be counted as such, and participant will be dropped from study. If at any point more than 10% of planned enrollments have experienced at least 1 moderate or severe side effect, we will close this study arm.

Clinical chemistry profile, albumin, Cu, Fe, Ferritin, CRP, and complete blood count with differential measures (CBC-diff) will be analyzed on all subjects as previously described in our Zn supplementation study (17, 18). Importantly, intestinal absorption of Cu is inhibited by Zn. Thus, chronic intake of high doses of Zn may be associated with Cu deficiency (28). This concern is the main basis for the upper tolerable limit (UL) for Zn (21). However, notably, this UL refers to chronic intake of Zn in subjects with adequate Zn level and does not preclude the use of higher doses of Zn for treatment of deficiency or diarrhea. The presence of 0.8 mg Cu in our placebo and Zn capsules will ensure no adverse effect on Cu status. Further, no serious adverse effects have been reported for long-term (up to 5 yrs) intake of up to 80 mg of Zn/day in older adults (29), who had baseline serum levels higher than those proposed in this study. Blood will be examined with a Baker 9,000 Hematology Analyzer for RBC and WBC counts and a blood smear will be used to estimate WBC differentials. This information will be used for statistical adjustment by analysis of co-variance and/or for assessment of side effects. CRP is included as it is a marker of inflammation which may impact Zn levels transiently and will be used for statistical adjustments as needed. BMI will be calculated from baseline weight and standing or knee height (in subjects who cannot stand or are contracted) (30).




2.5 Sample size

We plan to enroll 105 study participants (n = 35/group). Power is based on 27 study participants/group, allowing up to 20% attrition over the 1-year supplementation period. Preliminary data from Zn supplementation of 30 mg/day reported 58% conversion of study participants (17). We anticipate at least a 90% conversion for the 60 mg/d dose. In order to detect an increase in percent conversion from 58 to 90%, with 80% power and type I level of alpha = 0.05, 27 study participants per treatment group are required. Sample size is determined based on testing for a difference in percent conversion between the two dose groups using a one-sided Fisher’s Exact test (31).



2.6 Recruitment

A total of 105 residents will be enrolled from an estimated 900 elderly NH residents (Figure 1). We have support from 16 NHs (~1,600 residents) located within 1 h driving distance from Boston. Based on our previous experience (23, 32) we estimate that 900 NH residents need to be screened to identify 350 (Figure 1), who will meet our eligibility criteria (Table 2) who will then be screened for Zn and albumin levels to identify 105 subjects with low serum Zn levels. Although individual NH populations are heterogeneous, when similar methods for collection of information and time intervals are used, the comparative incidence of RI and PNA is quite similar. Our data also demonstrated (17) similar prevalence of low Zn levels in all NHs we studied in the Boston area, regardless of socioeconomic status, ethnicity, or NH affiliation (academic or not, or VA). Considerations for choosing participating NHs will include willingness to participate in the study, compliance with all state Department of Public Health regulations, number of beds (>50), compliance with state staffing requirements and sick days, and absence of shared staff between different units in multi-unit facilities (33).



2.7 Randomization, allocation concealment, and blinding

Subjects will be assigned to each arm via block randomization with a block size of 6. The randomization will be done via the built-in random number generator included in the study database and data capture system, REDCap. Placebo and Zn supplements will be provided in identical capsules to maintain double blinding. The database manager will retain the randomization code. Other members of the study team, including the Co-PIs, will be blinded to treatment assignments. The placebo and Zn capsules have been developed to have identical appearance to ensure blinding of the treatments.



2.8 Data collection and management

Clinical measures and study data collected on-site will be captured by the study staff using Electronic Case Report forms (eCRFs) developed in REDCap, a Research Electronic Data Capture platform hosted at the Human Nutrition Research Center on Aging at Tufts University (HNRCA) and secure study dedicated laptop. These eCRF forms are accessible via the web or an iPad app developed for use in instances where internet access is limited or lacking. In addition to standard clinical and anthropometric measures, these eCRFs will also include health status and intervention response questionnaires to assess response to intervention. REDCap is a secure HIPAA- and 21 CFR 11-compliant web-based application for building and managing online surveys and databases that are structured to support data capture for multisite clinical trials. It provides real-time data entry validation and a de-identified export mechanism to common statistical packages. Ongoing review of entered data will occur and incomplete data adjudicated within 1 week of entry. In all instances, access to the server will be restricted to data management staff at Tufts University.

Designated users from individual sites will have access for data entry, along with read access to individual site data, subject randomization, data dictionaries and collection forms. Laboratory data will be exported and be processed using Microsoft Excel and reviewed for outliers using standard statistical software (SAS). Laboratory data will be stored and archived on secure servers at the HNRCA with scheduled daily back-ups. Upon completion of the study, all data will be de-identified and converted to/archived in csv files for long-term storage and sharing. The files will contain variables with standardized naming conventions consisting of prefix, root and suffix system and include variable description labels. All data and corresponding documentation will be preserved in perpetuity and related files in the different formats will be linked by file naming conventions and revision date. Corresponding documentation including protocols, value ranges, formats and data description will be developed and stored with the data files. Adherence to the data management plan will be monitored and reviewed monthly. Implementation of the plan and progress on the data collection, archiving, and sharing will be included in reports.



2.9 Statistical analysis

This pilot study is a randomized dose-finding trial with the primary objective to establish optimal dose of Zn supplementation to achieve adequate serum Zn levels and estimate association between serum and cellular Zn levels. The effectiveness will be assessed based on the ability to increase serum Zn levels to adequate levels in the majority of participants (>90%) and in the shortest duration of supplementation and at the same time results in <10% of moderate or severe adverse events. Subjects will be deemed Zn adequate on the first occasion where their Zn serum level reaches ≥70 μg/dL. Subjects will not be included in the calculation of this proportion if they discontinue supplementation before reaching Zn-adequate status. Pearson correlation will be estimated between serum and cellular Zn levels. Violations of linearity will be assessed graphically, and sample product moment correlation method (34) will be used to produce two-sided confidence intervals for the estimated correlation. Analysis among dose groups will follow an intention-to-treat approach. Comparison of proportion of Zn adequate between dose groups will be tested using Fisher’s exact test with risk ratios at each time point. Continuous outcomes that have repeated measures taken at baseline, 4, 8, and 12 months will be analyzed with mixed effects linear regression which considers within-subject correlation of outcomes. We will assume linear time trends and test the dose effect by the treatment by time interaction term. Assumptions of normality and homoscedasticity will be evaluated in these models and appropriate variable transformations will be applied if needed. Age, sex, and NH site will be included in the models as covariates. A significance level of 0.05 will be used for each secondary outcome. To control for multiple testing across groups, the type I error will be reserved for the comparison between the placebo group and the selected Zn dose group. Summary statistics on any missing data will be reported, including types and patterns of missingness. Subjects with partial outcomes over time can be included in the model fit since the mixed-effects linear modeling framework allows inclusion of subjects having different numbers of repeated measures. Multiple imputation based on the multivariate normal model will be used in the case of missing covariates. Analysis will be performed using SAS (version 9.4; SAS Institute, Cary, NC).




3 Discussion


3.1 Rationale for composition of treatment capsules

Based on our pilot study and review of the literature, 30 mg/d Zn is effective and safe. However, 30 mg/d was effective in improving serum Zn level to adequate in only 58% of Zn deficient participants. Further, a significant correlation between the change in Zn level and T cell proliferation was observed. We concluded that either a longer duration of supplementation with 30 mg/d or higher doses of Zn will be needed to effectively increase Zn serum to adequate levels in NH residents. Our study design will allow us to determine if a longer period of supplementation with 30 mg/d will be effective in improving Zn status in most if not all NH elderly. However, since longer than 3-months supplementation with 30 mg/d may not raise serum levels adequately, we propose to use a higher dose (60 mg/d) as well. Our rationale for selecting 60 mg/d is as follows: (1) Prasad et al. supplemented older subjects with average serum Zn level of 90 ug/dl for 1 year with 45 mg/d of Zn and noted, on average, ~12 ug/dl change in serum Zn level (13). Since we also observed about 12 ug/dl increase with 30 mg/d supplementation, yet 42% of subjects remained Zn deficient, we propose that a higher than 45 mg/d will be needed to improve Zn status in Zn-deficient elderly. (2) 60 mg/ d of Zn is a high, yet safe level of Zn for this population.



3.2 Rationale for using ½ RDA of multivitamins as placebo

Our rationale for using ½ RDA of multivitamins as placebo is that NH residents have a heterogeneous multivitamin intake. Less than 2/3 RDA intakes of B vitamins, Vit D, and Zn have been reported (35, 36). Some of these nutrients have been shown to be required for proper function of the immune system. To reduce the possible variability introduced by low intakes of multivitamins, and because we are requesting that the participants discontinue their multivitamin supplements, we believe using 50% of RDA for essential nutrients including 5 mg Zn as a control placebo is justifiable. We have not proposed to use RDA levels of multivitamin because that will bring the total intake of the multivitamin to above the RDA; some of these nutrients have been shown to enhance the immune response at above RDA level and thus might attenuate the independent effect of Zn. We expect that the older individuals selected by our criteria will have intakes that are <50% of the RDA of multivitamin (23, 37). Thus, providing them with 50% of the RDA level of these nutrients will bring their total intake to at least the RDA level.



3.3 Rationale for selected primary outcomes

Zn status can be assessed by measurement of Zn in plasma, erythrocytes, neutrophils, lymphocytes, and hair. Measurement of Zn in the plasma is simple and readily available in many laboratories. A low plasma Zn usually is defined as a value less than 70 ug/dL (22, 38). Because most plasma Zn is bound to albumin, measured Zn levels will typically be reduced in patients with hypoalbuminemia. However, in clinical practice, it is not particularly helpful to correct measured Zn levels for hypoalbuminemia, because plasma levels are only loosely correlated with Zn stores, and because Zn replacement is usually provided to patients with low Zn levels, regardless of albumin status, particularly in the context of chronic disease. Nevertheless, we are measuring plasma albumin levels to adjust if needed. In addition, inflammation and acute phase response can impact plasma Zn levels. Thus, we will measure CRP levels to exclude variation due to acute illness and inflammation.

Plasma (or serum) Zn concentration is the most widely used biomarker to determine Zn status. Plasma Zn concentrations normally respond to Zn supplementation, especially in subjects with a low or moderately low baseline (18, 39–41). Generally, the reduction of plasma Zn concentrations occurs when subjects are deprived of Zn (42–44). Measurement of serum Zn has recently been recommended by WHO, UNICEF, IAEA, and International Zn Nutrition Consultative Group (IZiNCG) as the best biomarker of Zn deficiency in a population and is widely used as such because “it responds as expected to dietary modifications and is associated with functional outcomes” (45, 46). Although serum Zn level serves as a reliable indicator of Zn status at population level and is responsive to supplementation, there is controversy concerning its representation of cellular labile and total Zn level (crucial for function) at the individual level. At present, measurement of the serum/plasma Zn level, and confirmation of a deficient state by administering a Zn load are considered to be the most reliable methods of diagnosing Zn deficiency. However, since the intracellular level of Zn is higher than its serum level, it is plausible that the serum Zn level may not faithfully reflect the cellular state of an individual. The criteria for Zn deficiency are decreased cellular Zn level in either lymphocytes (<50 μg/1010 cells) or granulocytes (<42 μg/1010cells) (47). Given the importance of Zn for T cell function, the key role of T cells in PNA, and the well demonstrated deterioration of T cell function with age, we will assess Zn status in T cells.



3.4 COVID-19 related challenges

The COVID-19 pandemic affected the initiation of clinical trials overall. Although an increase in the overall numbers of clinical trials could be observed both in Europe and the United States, the number of initiated non-COVID-19 trials was reduced, with a slightly larger relative decrease in the United States. Short-term trends will likely show a reversal of this trend after we have exited the pandemic phase.

Our study was initiated 18 months after the first case of the 2019 novel Coronavirus in the U.S. was detected on January 18, 2020. At this point in time cases were still increasing, even though vaccines were available, and multiple NH facilities in Massachusetts and nationwide reported local outbreaks. Most of the NH would not allow us to initiate screening even though we had secured prior commitments from medical and nursing directors. Here we benefited from relations established from our previous NH studies and from our reputation as trustworthy, responsible investigators.

Decisions for renewal and for new commitments were now made at the highest executive levels of the respective NH organizations. A lesson learned for future clinical trials is that commitments from NH should be obtained at the highest executive levels of NH organizations and the need for a contingency plan for periods of limited resources due to local or national public health emergencies should be addressed.

We as the investigators are aware of the potential risks, we may introduce unintentionally to the NH residents. Therefore, COVID19 testing prior to entering the NH facilities, face masks, the use of other personal protective equipment and hand hygiene will be and continue to be strictly implemented. All study team members are vaccinated for COVID19 and influenza.

Nurses and healthcare workers were under extreme stress leading to workforce shortages as well as increased health care worker burnout, exhaustion, and trauma. These pandemic-related challenges have taken place in a context of significant pre- existing workforce shortages and maldistribution, as well as in a workforce where burnout, stress, and mental health problems (including an ongoing risk of post-traumatic stress disorder) were already significant problems. To avoid additional tasks to nursing staff we will remind NH residents, family members, health care proxies and guardians to address any study related questions to the investigators directly. We will provide a cell phone number which could be dialed for 24 h any day during the week including weekends. During the initial phase of the study the study physician was present on site every day even if no screening, recruiting or follow up took place.

The COVID-19 pandemic has alerted businesses to the fragility of global supply chains. Heightened demand, trade restrictions, factory closures, rising freight rates and reliance on ‘just-in-time’ inventory systems have led to global shortages and inflation. In view of the emerging COVID-19 pandemic caused by SARS-CoV-2 virus, the search for potential protective and therapeutic antiviral strategies was (and is) of particular and urgent interest. Despite the lack of clinical data, certain indications suggested that modulation of Zn status may be beneficial in COVID-19. This triggered an incomparable demand in over-the-counter Zn supplements which exponentiated the national and global supply chain disruptions for Zn products. In the context of these supply chain disruptions our original Zn supplement supplier was no longer able to deliver the ordered Zn supplements and placebo pills. Thus, we had to search for alternative companies who were able to produce the Zn supplement including the placebo pills, as described, in a timely manner and at a reasonable price. We were successful in doing so only after contacting and negotiating with several companies. This delayed the timely start of the study significantly. The lesson learned here is that alternative companies should be at least identified besides the actual company contracted who will be capable of delivering the intervention drug or supplement in the event of an unexpected shortage.




4 Conclusion

In summary, this double-blind, placebo-controlled, randomized trial will rigorously test our formal hypotheses, providing valuable insights into the primary objectives concerning the safety and efficacy of Zn supplementation, as well as the correlation between serum and cellular Zn concentrations. The findings derived from this pilot study will generate evidence to inform the final design of our forthcoming larger clinical trial we intend to undertake. Ultimately, both this study and the subsequent comprehensive clinical trial will mark a pivotal step toward confirming Zn as a risk factor for PNA and developing a novel, simple, and cost-effective nutritional intervention to mitigate PNA risk and associated morbidity and mortality among NH residents. A nutritional intervention, once available, would significantly enhance the health and quality of life for the elderly population by changing the standard of care for at-risk elderly individuals with respect to PNA prevention. This would consequently yield substantial cost savings associated with the care of elderly NH residents. Further, given the complexity of clinical trials, particularly during a global pandemic, a contingency plan is essential to address the challenges with study resources, participants, manufacturers, and stakeholders.



5 Ethics and dissemination


5.1 Ethics statement

This study has been approved by the IRB at Tufts Medical Center and Tufts University Health Sciences Campus (IRB #: 1427). This study is being conducted in accordance with ICH GCP requirements. Protocol modifications are communicated to the Institutional Review Board at Tufts Medical Center and Tufts University Health Sciences Campus. This study is registered on ClinicalTrials.gov with the identifier: NCT05527899.



5.2 Consent or assent

We held in-service sessions at each participating site. Staff were given an overview of the study and procedures, eligibility requirements and the research team’s qualifications, and were assured that they will not be asked to help obtain informed consent (48) or to perform additional documentation other than aiding in the identification of eligible subjects, recording the daily supplement administration. Once the individual NH administrative approval was obtained, the medical directors and attending physicians of all participating homes were consulted to ensure that the protocol will not disrupt any medical care activities. Following each in-service, our research team and the nursing staff evaluated residents for eligibility. Then, each PCP was notified that their patients are eligible for the study. All recruitment materials were written clearly and in large enough print that would be easily read and understood by this audience. Descriptions of the tests was kept simplified to ensure understanding yet accurately reflect the procedure. Potential health benefits of the study were described, and the risks associated with participation were clearly disclosed. Several reports have focused on the problems associated with obtaining consent from NH residents or their proxies (49–51) We used these guidelines as we did in our previous NH study (23, 32) to implement ethical and efficient strategies to successfully obtain informed consent from subjects. All IRB approvals was obtained from all participating institutions and facilities.



5.3 Confidentiality

All information, data, documents, and materials related to the participants will be kept confidential. Any breach of confidentiality shall be reported immediately to the sponsor. The study PI, Co-Investigators, Study Coordinators, and Statistician will have access to participant identifying information, if needed. Otherwise only de-identified data will be shared with co-investigators. We will take reasonable measures to safeguard the confidentiality of the information, including maintaining secure storage, restricting access to authorized personnel, and implementing data encryption.



5.4 Dissemination

The findings from this research study will be submitted to and published in a peer-reviewed journal. We plan to leverage these data to apply for a clinical trial grant under National Heart, Blood and Lung Institute. Request for use of study data must be approved by the study sponsor and IRB.
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Background: Lactating mothers are frequently at risk for nutritional deficiencies due to the physiological requirements of lactation. Throughout the world, a significant number of lactating mothers have micronutrient intake inadequacy. Evidence on micronutrient intake during lactation is limited in rural Ethiopia. Therefore, this study aimed to determine micronutrient intake inadequacy and associated factors among lactating mothers.
Methods and materials: A community-based cross-sectional study was conducted from February 1 to 18, 2023, among lactating mothers in rural areas of the North Mecha District of Amhara Region, Northwest Ethiopia. A multistage sampling technique was used to select 449 study participants. An interviewer-administered questionnaire was employed to collect dietary intake data by using a single multiphasic interactive 24-h dietary recall. The NutriSurvey 2007 software and Ethiopia, Tanzania and Kenya food composition tables were used to calculate nutrient values for the selected 12 micronutrients. For the remainder of the analysis, SPSS version 25 was employed. The Nutrient Adequacy Ratio (NAR) and Mean Adequacy Ratio (MAR) were calculated by dividing all NAR values by the number of micronutrients computed to evaluate the nutrient intakes. A logistic regression analysis was conducted to determine the factors contributing to the overall micronutrient intake inadequacy, and statistical significance was determined at a p value <0.05.
Result: A total of 430 lactating mothers participated in the study, with a 96% response rate and a mean age of 29.46 ± 5.55 years. The overall prevalence of micronutrient intake inadequacy was 72.3% (95% CI: 67.9, 76.5). The odds of micronutrient intake inadequacy were 2.5 times higher among lactating mothers aged 18–25 years old as compared to mothers in the age group ≥36 years old (AOR = 2.52, 95% CI: 1.09, 5.83). Mothers with the educational status of unable to read and write and primary school incomplete were 3.5 (AOR = 3.49, 95% CI: 1.24, 9.83) and 3.6 (AOR = 3.56, 95% CI: 1.06, 11.99) times more likely to have micronutrient intake inadequacy than mothers with secondary school completed or above educational status, respectively. Mothers whose partner’s occupation was other than farming were 3.3 times more likely to have micronutrient intake inadequacy as compared to mothers whose partners were engaged in farming (AOR = 3.32, 95% CI: 1.08, 10.27). Lactating mothers who were from food-insecure households were 83% more likely to have high micronutrient intake inadequacy as compared to lactating mothers from food-secure households (AOR = 1.83, 95% CI: 1.04, 3.23). Lactating mothers with nutrition-related unfavorable attitudes were 77% more likely to have inadequate intake of micronutrients compared to lactating mothers with favorable attitudes (AOR = 1.77, 95% CI: 1.07, 2.93).
Conclusion: The prevalence of micronutrient intake inadequacy among lactating mothers was high. Age of the mothers, educational status of the mothers, occupation of the partner, household food security, and nutrition-related attitude were significantly associated with micronutrient intake inadequacy. Community driven nutrition education and interventions are needed to address the high micronutrient intake inadequacy among lactating mothers in rural Ethiopia.
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Introduction

The foundation of a healthy human diet is comprised of macronutrients that serve as the body’s primary energy source and micronutrients that are required for nearly all metabolic and developmental processes (1). Nutritional adequacy is defined as the sufficient intake of essential macronutrients and micronutrients needed to fulfill nutritional requirements for optimal health (2).

As nutritional needs alter over the course of life and physiological status, the recommended intake of micronutrients for mothers is comparatively higher during lactation (3). It is crucial for mothers to consume a varied and balanced diet throughout this crucial age window. The nutritional quality and adequacy of the mother’s diet have a major impact on the amount and content of breast milk produced. Variations in the mother’s diet can result in alterations in the levels of specific micronutrients. However, in the case of certain other nutrients, the mother’s body prioritizes the baby’s requirements, resulting in the secretion of these specific nutrients at their highest potential, at the expense of maternal stores. This signifies that inadequate intake of micronutrients can have a negative impact on a mother’s present health and future susceptibility to disease, as well as a child’s growth, development, and overall health, including later in life. As a result, a breastfeeding woman needs a diet packed with nutrients (4–7).

The majority of lactating mothers had inadequacy for many of the micronutrients, with a global prevalence of micronutrient inadequacy reaching over 50%. Most lactating mothers (87.2–97.6%) in rural Bangladesh did not meet the recommended levels of riboflavin, calcium, vitamin A, and folate (8). Lactating mothers in Brazil had a high prevalence of micronutrient inadequacy, even more so than mothers of reproductive age, for vitamin A (95% versus 72%), vitamin C (56% versus 37%), vitamin B6 (75% versus 33%), folate (72% versus 40%), and zinc (64% versus 20%) (9). Mothers were at risk of consuming insufficient amounts of folate and vitamins A, D, and E, with 87.0, 93.4, 43.8, and 95% of mothers consuming less than the Estimated Average Requirement (EAR) for these nutrients among Hispanic lactating mothers in Southern California (10). Studies carried out in Africa revealed that more than half of lactating mothers were susceptible to consuming inadequate amounts of micronutrients (11, 12).

A study conducted among lactating mothers in the Genta Afeshum District of the Tigray Region, North Ethiopia, revealed that a significant proportion of the mothers were affected by micronutrient inadequacy. The inadequacies observed were as follows: vitamin A (79.5%), B1 (28.4%), B3 (58.8%), B6 (95.5%), B12 (99.9%), C (83.9%), calcium (99.9%), iron (24.6%), and zinc (58.3%) (13). Another study carried out among lactating mothers in Bahir Dar city of the Amhara Regional State, Northwest Ethiopia, also highlighted high levels of micronutrient inadequacy among mothers in the city. The study found that the following percentages of city mothers had inadequate levels of the respective micronutrients: vitamin A (98.2%), B1 (13.4%), B2 (54.3%), B3 (42.3%), B6 (65.6%), B9 (25.2%), B12 (68.5%), C (73.8%), calcium (70.9%), iron (0.0%), zinc (4.7%), and selenium (36%) (14).

Nutrition programs have been launched worldwide with the goal of decreasing diverse forms of malnutrition. By 2030, the Sustainable Development Goal (SDG2) aims to reduce malnutrition in all its forms (15). The World Health Organization (WHO) has set global targets for improving the nutrition of mothers, infants, and young children, and member states have committed to tracking these targets, as stated in Global Targets 2025 (16). The Ethiopian government had exerted many efforts with the goal of decreasing diverse forms of malnutrition, including conducting an Ethiopian national micronutrient survey (17). The government of Ethiopia has also developed the Food and Nutrition Policy (FNP) (18). The Seqota Declaration reflects the commitment to ending undernutrition by 2030 (19, 20). Despite the various forms of interventions implemented by the government of Ethiopia, malnutrition reduction is steady, and millions remain malnourished (21).

This study focuses on lactating mothers who have increased nutritional demands due to their breast milk production. This makes them highly vulnerable to malnutrition, thus making it crucial to ensure the health of both the mother and the infant. Likewise, micronutrient inadequacy is a significant public health concern among rural lactating mothers. There is a paucity of evidence on the micronutrient inadequacy of lactating mothers in rural Ethiopia. Therefore, this study aimed to determine micronutrient inadequacy and its factors among lactating mothers in rural areas of the North Mecha District of the Amhara Region, Northwest Ethiopia.



Materials and methods


Study setting and study design

The study was conducted in North Mecha District, North Gojam Zone, Amhara Regional State, Northwest Ethiopia. The district is located 530 km from Addis Ababa, the capital city of Ethiopia. Predominantly, North Mecha District is dependent on agriculture, which is a livelihood for 85% of the total population. The district is well-known for its crop production, including teff, maize, barely, wheat, beans, and peas as major crops using rainfall as well as irrigation. There is also production of fruits and vegetables (22). Koga, one of the large-scale dams with 7,000 hectar irrigation capacity, is found in the district. The Koga Irrigation and Watershed Management Project is a government initiative designed in the district to increase agricultural productivity and improve water management in the Koga watershed area of Ethiopia, with a focus on poverty reduction and food security. The project is expected to have a positive impact on food consumption and nutrition practices in the region, thereby promoting human and economic development (23). A community-based cross-sectional study design was employed from February 1 to 18, 2023.



Population and eligibility criteria

Lactating mothers who had children of 6–23 months of age and who were living in North Mecha District were the source population, and lactating mothers who were living in the selected kebeles of the district were the study population. Lactating mothers who had been residents of the study area for at least 6 months were included in the study, and mothers who were currently pregnant were excluded from the study. Mothers who had fasted or participated in special events such as festivals or times of mourning in the last 24 h were excluded from the study.



Sample size and sampling technique

A single population proportion formula was used to determine the sample size with the following assumptions: a 95% confidence level, a 5% margin of error, and a 77% proportion of inadequate dietary intake among lactating mothers from a prior study carried out in the Finote Selam District, Northwest Ethiopia (24). After multiplying by a design effect of 1.5 and including a 10% non-response rate, the final sample size was 449. A multistage sampling technique was used to select the study participants. Out of a total of 38 kebeles, seven were randomly selected through a lottery system. Following the proportional allocation of lactating mothers to each kebele, which was determined by taking into account the total number of lactating mothers residing in each selected kebele and across all selected kebeles, study participants were chosen from the selected kebeles using a systematic random sampling approach. The calculation of the parameter ‘K’ was conducted by dividing the study population (N) by the desired sample size (n).



Operational definitions

Recommended Dietary Allowances (RDA): This is the daily intake that meets the nutrient requirements of almost all (97.5 percent) lactating mothers (25).

Nutrient Adequacy Ratio (NAR): It is the ratio of a subject’s intake of a micronutrient to the current recommended daily allowance for each sex and age category (26).

Mean Adequacy Ratio (MAR): It is an indicator of the overall quality of a diet. It is calculated by dividing all NAR values by the number of micronutrients computed (26).

Micronutrient intake inadequacy: It is when a lactating mother’s intake of NAR for a particular micronutrient is less than 1 (100%) (26).

Overall micronutrient intake inadequacy: The ideal MAR cut-off for nutrient intake adequacy should be one (100%), which would mean that the intake of all 12 nutrients, namely vitamin A, vitamin B1, vitamin B2, vitamin B3, vitamin B6, vitamin B9, and vitamin B12, vitamin C, calcium, iron, zinc, and selenium, is equal to or greater than the RDA and the requirements for all the nutrients are met. Iron was adequate for all study participants, and the final calculation of MAR was carried out by excluding the universally adequate nutrient, iron. Consequently, the prevalence of micronutrient intake was computed among the remaining 11 nutrients after excluding iron. In this study, since there was no participant who had a MAR score of 1, overall micronutrient intake inadequacy was operationalized to be <0.75 (26–28).

Household Food Insecurity Access Scale (HFIAS) score: It is calculated for each household as the sum of the frequency of occurrences during the past 4 weeks for the nine-food insecurity-related conditions. It can be scored and classified as food secure, mildly food insecure, moderately food insecure, and severely food insecure (29).

Wealth Index: The wealth index of households was determined using the Principal Component Analysis (PCA) by considering various household assets, housing conditions, access to services, and other variables adapted from the 2019 Ethiopian Mini Demographic and Health Survey (21). The collected data on these variables were transformed into binary (yes/no) variables and coded as 1 for ‘yes’ and 0 for ‘no.’ To ensure the accuracy of the wealth index score, the assumptions of PCA were thoroughly examined. The eigenvalue-one criterion was employed to determine the number of components to retain. Furthermore, only variables with a commonality value exceeding 0.5 were utilized to generate factor scores. To create the wealth score, the score for each household on the first principal component was retained. Finally, quintiles were applied to the wealth score in order to classify households into categories such as poorest, poor, medium, rich, and richest (30).

Nutrition-related knowledge: It was determined using a questionnaire developed in accordance with FAO guidelines for assessing nutrition-related knowledge. To generate scores, each question was given equal weight, with a score of either 1 or 0 assigned to it. A correct response received a score of 1, while an incorrect answer to the question results in a score of 0. The final score, indicating the level of nutrition-related knowledge, was calculated by considering the percentage of correct responses out of the total number of questions used for assessment. A score of ≥75% was considered adequate knowledge, and < 75% indicated inadequate knowledge (31–34).

Nutrition-related attitude: It was determined using a questionnaire developed in accordance with FAO guidelines for assessing nutrition-related attitude. To generate scores, each question was given equal weight, with a score of either 1 or 0 assigned to it. Among the three-point Likert scale questions for the attitude assessment, the first positive response was given a score of 1, while the second and third responses were assigned a score of 0. The final score, indicating the level of nutrition-related attitude, was calculated by considering the percentage of favorable responses out of the total number of questions used for assessment. A score ≥ 75% was considered favorable attitude, and < 75% indicated unfavorable knowledge (31–34).



Data collection tools and procedure

An interviewer-administered semi-structured questionnaire was used to collect data on socio-demographic and economic factors; water, sanitation, and hygiene; household food security; knowledge and attitude of mothers on nutrition; and health-related factors. The data were gathered using the Kobo Tool Box, an electronic data collection toolkit. The dietary data were assessed using the Food and Agriculture Organization of the United Nations (FAO) standardized tool, the 24-h recall dietary data collection tool (35). Nutrition-related knowledge and attitude data were collected using a questionnaire developed in accordance with FAO guidelines for assessing nutrition-related knowledge, attitudes, and practices (33). Ten data collectors and two supervisors who had a background in public health nutrition were involved in data collection and supervision.



24-h dietary recall assessment

Prior to actual data collection, inspections of the market and home surveillance were done to collect data on the types of foods eaten, cooking methods, and household utensils used in the study area. Photographs of household utensils and food portions usually eaten at one meal were taken during surveillance, and then codes were assigned to each. In the nutrition laboratory, utensils used for food serving were standardized with food portions and water using a digital food portion weighing scale and a measuring graduated cylinder.

During the actual data collection, the respondents were asked which utensil they used from the photographic atlas. Photographs depicting various types and sizes of household utensils (spoons, ladles, cups, glasses, plates, and bowls) and food portions were used to assist the participants in recalling and determining the types and portion sizes of the consumed items using an interactive multiple-pass 24-h recall method. The quantities of foods consumed were estimated using household utensils and numbers, such as the numbers of oranges, bananas, mangoes, potatoes, etc. Food items quantified in numbers were collected as large, medium, and small.



Data quality control

The questionnaire was developed in English, translated into Amharic, and then back into English to ensure consistency. The data collection tool included standard questions developed by FAO as well as questions adapted from other sources and included in the tool after content validation by field experts. Based on their recommendations, any modifications that were required were made. A pretest was done on about 5% of the sample. Training was provided to supervisors and data collectors. The data collection process was followed with close supervision, and the completeness of the data was checked accordingly. To help the participants remember and identify the kinds and amounts of food they had consumed, photographs of food portions and household utensils (spoons, ladles, cups, glasses, etc.) were used.

A multiple-pass 24-h recall with three passes was carried out to collect dietary intake data. In the three sequential stages of multiple passes, a “quick list,” a “detailed description of food and beverage items consumed,” and a “review” were conducted.



Data processing and analysis

Following the completion of the data collection period, the obtained food consumption data were converted into nutrient intake data. The Ethiopian food composition tables were used to get nutrient values per 100 grams of each food item (36, 37). The nutrient value for certain food items that are not included in Ethiopian food composition tables was supplied using food composition tables from other African countries (Kenya and Tanzania) (38, 39). When utilizing food composition tables from Kenya and Tanzania, certain assumptions were taken into account. The methods employed in generating the tables adhere to standardized protocols and ensure that the referred food items and portion sizes are comparable. SPSS version 25 was used for analysis, and the nutrient intake analysis was conducted, particularly using NutriSurvey 2007 software.

The RDA established by WHO and FAO in 2004 was compared to nutrient intakes, and the inadequacy of a particular nutrient was calculated using the Nutrient Adequacy Ratio (NAR), whereas the overall micronutrient intake inadequacy was measured using the Mean Adequacy Ratio (MAR) for 12 micronutrients, which are selected based on their public health importance, namely vitamin A, thiamin, riboflavin, niacin, vitamin B-6, folate, vitamin B-12, vitamin C, calcium, iron, zinc, and selenium (26, 40).

[image: NAR formula: Actual intake of the nutrient per day divided by the recommended dietary allowance (RDA) of that nutrient.]

As an overall measure of micronutrient adequacy, the MAR was calculated as:

[image: Equation for Mean Adequacy Ratio (MAR): MAR equals the sum of NAR values (each truncated at one) divided by the number of nutrients.]

NAR was truncated at 1, so that a nutrient with a high NAR could not compensate for a nutrient with a low NAR. For NAR, it was considered adequate if the intake of each nutrient was equal to or above the RDA. For MAR, it was considered adequate if the ratio of the sum of the NAR of each nutrient to the total number of nutrients was equal to 1 (26). Micronutrient intake adequacy data were checked by the Kolmogrov Smirnov and Shapiro Wilk tests of normality; the median and interquartile range were used to present the findings with a skewed distribution.

To identify the factors associated with lactating mothers’ overall micronutrient intake inadequacy, a binary logistic regression analysis was performed. To determine their independent effect, variables found in bivariable binary logistic regressions with a p-value ≤0.25 were entered into the multivariable binary logistic regression analysis. A p-value greater than 0.05 indicates a good fit in multivariable binary logistic regression models, which were tested for model fitness using the Hosmer-Lemeshow goodness of fit test (p-value = 0.867). In a multivariable binary logistic regression analysis, variables with a p-value of less than 0.05 were considered to be statistically significant. The Adjusted Odds Ratio (AOR) with a 95% Confidence Interval (CI) was used to express the degree of association between a dependent variable and independent variables. Texts, tables, and graphs were used to present the final results.




Results


Socio-demographic and socioeconomic characteristics

A total of 430 lactating mothers participated in the study, with a 96% response rate and a mean age of 29.46 ± 5.55 years. With regard to their educational status, 74.2% of participants were unable to read and write. Little over half (52.1%) had a family size of 5–7 people, and the mean family size was 5.81 ± 1.90. The majority were married (98.4%) and farmers (77.4%). The mean (± SD) of family size, parity, and number of children were 5.81 (± 1.90), 3.94 (± 2.01), and 1.31 (± 0.48), respectively (Table 1).



TABLE 1 Socio-demographic characteristics among lactating mothers in North Mecha District, Amhara Region, Ethiopia, 2023 (N = 430).
[image: A table displays demographic and socioeconomic variables with categories, frequency, and percentage. Variables include maternal age, religion, maternal education, and more. For example, maternal age 26-35 years has a frequency of 258 and percentage of 60.0, while the "Orthodox" religion has a frequency of 430, representing 100 percent. The table covers aspects such as maternal occupation, marital status, partner education and occupation, family size, parity, number of children under five, and wealth index, detailing corresponding frequencies and percentages for each category.]



Nutrition-related factors

About 17.7 and 67.0% of lactating mothers had adequate knowledge and a favorable attitude, respectively. Three hundred twenty-one (74.7%) lactating mothers were from food-secured households (Table 2).



TABLE 2 Household food security, nutrition-related knowledge and attitudes among lactating mothers in North Mecha District, Amhara Region, Ethiopia, 2023 (N = 430).
[image: Table showing data on nutrition-related knowledge, attitude, and household food security. Categories include adequate and inadequate knowledge, favorable and unfavorable attitude, and food security levels. Frequencies and percentages are provided for each category.]



Micronutrient intake inadequacy among lactating mothers

Iron intake adequacy was 100% prevalent; all mothers had NAR greater than or equal to one. With the exception of iron, all micronutrient intakes by lactating mothers did not meet the recommended levels (MAR of one), resulting in MAR ranges from 0.29 to 0.94 for the rest of the 11 nutrients. The overall prevalence of micronutrient intake inadequacy, MAR < 0.75, was 72.3% (95% CI: 67.9, 76.5). This prevalence was computed among 11 nutrients after excluding iron, which was adequate for all participants (Figure 1).

[image: Bar chart showing the Mean Adequacy Ratio (MAR) distribution of 11 micronutrients in percentages. Categories are less than 0.5 (8.8%), 0.5 to less than 0.75 (63.5%), 0.75 to less than 0.85 (22.1%), and 0.85 or greater (5.6%).]

FIGURE 1
 MAR of micronutrient intake among lactating mothers in North Mecha District, Amhara Region, Ethiopia, 2023 (N = 430).


The median intake of vitamin A among respondents was 292.9 μg (IQR: 326.5), with an inadequacy prevalence of only 86.7% (95% CI: 83.5, 90.0). The median intake of vitamin B9, vitamin C, and iron was 365.3 mcg (IQR: 645.2), 14.4 mg (IQR: 14.2), and 272.7 mg (IQR: 125.5), respectively. The proportion of lactating mothers with a nutrient intake below the RDA varied between the nutrients. None of the participants had iron intake inadequacy. In contrast, Ca intake inadequacy prevalence was 98.4% (95% CI: 97.0, 99.5), which was the maximum as compared to all other nutrients (Table 3).



TABLE 3 Micronutrient intake among lactating mothers in North Mecha District, Amhara Region, Ethiopia, 2023 (N = 430).
[image: Table displaying micronutrient data with columns for RDA, actual intake (median and IQR), NAR (median and IQR), and prevalence of micronutrient inadequacy with confidence intervals. Values are detailed for vitamins A, B1, B2, B3, B6, B9, B12, C, calcium, iron, zinc, selenium, and MAR. Example: Vitamin A has an RDA of 850 μg, median intake of 292.9 μg, and inadequacy prevalence of 86.7%.]



Factors associated with micronutrient intake inadequacy

Age of the mothers, educational status of the mothers, occupation of the partner, household food security, and nutrition-related attitude were significantly associated with micronutrient intake inadequacy (MAR <0.75). The odds of micronutrient intake inadequacy were 2.5 times higher among lactating mothers aged 18–25 years old as compared to mothers in the age group ≥36 years old (AOR = 2.52, 95% CI: 1.09, 5.83). Mothers with the educational status of unable to read and primary school incomplete were 3.5 (AOR = 3.49, 95% CI: 1.24, 9.83) and 3.6 (AOR = 3.56, 95% CI: 1.06, 11.99) times more likely to have micronutrient intake inadequacy as compared to lactating mothers who had completed secondary school or above, respectively. Lactating mothers whose partners occupation was other than farming were 3.3 times more likely to have micronutrient intake inadequacy compared to mothers whose partners were farmers (AOR = 3.32, 95% CI: 1.08, 10.27). Lactating mothers who were from food-insecure households were 83% more likely to have high micronutrient intake inadequacy as compared to lactating mothers from food-secure households (AOR = 1.83, 95% CI: 1.04, 3.23). Lactating mothers with nutrition-related unfavorable attitudes were 77% more likely to have inadequate intake of micronutrients compared to lactating mothers with favorable attitudes (AOR = 1.77, 95% CI: 1.07, 2.93) (Table 4).



TABLE 4 Factors associated with micronutrient intake inadequacy among lactating mothers in North Mecha District, Amhara Region, Ethiopia, 2023 (N = 430).
[image: Table showing factors associated with inadequate versus adequate outcomes. Variables include maternal age, education, partner occupation, wealth index, household food security, nutrition-related knowledge, and attitude. Data presents numbers and percentages for inadequate and adequate outcomes, along with Crude Odds Ratio (COR) and Adjusted Odds Ratio (AOR) with 95% Confidence Intervals. Significant values (p < 0.05) are marked with an asterisk.]




Discussion

Micronutrient intake inadequacy among lactating mothers is an attribute of maternal and child malnutrition. This study addressed the paucity of evidence on micronutrient inadequacy among lactating mothers in rural Ethiopia, highlighting a significant public health concern. This study aimed to determine micronutrient intake inadequacy and its associated factors among lactating mothers in North Mecha District, Northwest Ethiopia.

It was observed that the MAR was between 0.29 and 0.94, and none of the lactating mothers met the RDA for all the micronutrients except for iron, which is consistent with the reports of other studies in Ethiopia and Zambia (11, 14). This study also revealed that the overall prevalence of micronutrient intake inadequacy (MAR <0.75) among lactating mothers was 72.3%. This is much higher than the findings of the study, which were in Bahir Dar City, Ethiopia (14) and in rural areas of Indonesia (41). This high prevalence of micronutrient intake inadequacy can be explained by factors such as excessive cereal consumption (teff, maize, sorghum, etc.), which has a low micronutrient density except for iron, which is abundant in these staples, and insufficient consumption of food items from other food groups such as animal-source foods, pulses, fruits, vegetables, and nuts and seeds, which are high in important micronutrients (42).

As compared to a study in Ethiopia (14), the difference may be explained by the differences in the study settings. Participants in this study reside in rural areas, whereas the previous study done in Ethiopia was conducted in the city of Bahir Dar, where people are more educated and therefore more aware of how to improve their dietary practices. In contrast to a study conducted in Indonesia (41), which computed MAR considering EAR (Estimated Average Requirement), which represents approximately 50% of the healthy individuals, the current study computed MAR considering RDA, which represents the minimum nutrient requirement of approximately 97.5% of the healthy individuals in a given life stage and gender group. When RDA is used instead of EAR, a higher level of nutrients must be consumed; this raises the prevalence of inadequacy due to the increased difficulty of meeting the RDA (25). The difference between using RDA or EAR is apparent in the calculation of NAR and determining the prevalence of nutrient inadequacy for each specific nutrient. Other researchers have reported disparities between studies using RDA (14, 43, 44) and EAR (8, 10–12, 41, 45).

Vitamin A intake inadequacy was prevalent among 86.7% of lactating mothers, according to this study. This is comparable to studies conducted in Ethiopia (13), Niger (12), and Bangladesh (8). In contrast, this study finding is lower than studies conducted in Bahir Dar City, Ethiopia (14), Zambia (11), China (45), and California (10), and higher than reports from studies conducted in Nigeria (46), Indonesia (41), Thailand (44) and Iran (43). Variations in the production and consumption practices of vitamin A-rich food sources, such as green leafy vegetables, could be a possible explanation for the potential difference (23, 47).

This study revealed that the prevalence of micronutrient intake inadequacy among selected B vitamins (vitamin B1, vitamin B2, vitamin B3, vitamin B6, vitamin B9, and vitamin B12) ranges from 18.1 to 82.3%. Among lactating mothers, 33.7% of them had inadequate intake for vitamin B1 (Thiamin), which is higher than studies in Ethiopia (13, 14), Iran (43), and California (10), and lower than findings from Zambia (11), Niger (12), Bangladesh (8), Thailand (44), China (45), and Indonesia (41). Dietary practices and mandatory fortification of staple foods have a major impact on thiamin intake; areas high in meat, whole grains, and legume production and consumption experience lower rates of inadequacy (48). Ethiopia has a low meat consumption rate, and the country lacks similar thiamin fortification programs (49).

This study showed that vitamin B2 (Riboflavin) intake inadequacy was found in 57.4% of participants. According to other studies conducted, this finding is consistent with a study in Ethiopia (14), lower than studies in Zambia (11) and Niger (12), Bangladesh (8), China (45), and higher than studies in Thailand (44), Indonesia (41), Iran (43), and California (43). Different countries have diverse dietary habits and riboflavin-rich foods available, such as organ and lean meats, dairy products, eggs, fortified cereals, and leafy green vegetables, leading to differences in inadequacy rates. Ethiopia, in particular, faces challenges in terms of poor consumption of foods rich in riboflavin.

The study revealed that 80.5% of mothers had insufficient amounts of vitamin B3 (Niacin). This is less than the results of a study conducted in Niger (12) but greater than reports from Ethiopia (13, 14), Zambia (11), Bangladesh (8), China (45), Indonesia (41), Iran (43), and California (10). In comparison to almost all the above study findings, the prevalence of niacin intake inadequacy is higher in rural lactating mothers. In Ethiopia, consumption of foods that are rich in niacin or tryptophan, a precursor to niacin synthesis, is modest (13, 14). Furthermore, maize-based foods account for a substantial amount of dishes in the study area, and maize is low in niacin and tryptophan.

The study found that 18.1% of participants lacked adequate vitamin B6 (Pyridoxine); less than study results in Ethiopia (13), California (10), and higher percentages were found in Ethiopia (14), Zambia (11), Niger (12), Thailand (44), China (45), Indonesia (41) and Iran (43). Ethiopian cuisine traditionally includes whole grains and legumes, as well as fermented foods like injera (50). Though not as rich as animal food sources, these food sources are good sources of pyridoxine, which could contribute to the relatively low pyridoxine intake inadequacy as compared to other studies.

Vitamin B9 (Folate) inadequacy was prevalent among 60.7% of the current study participants. The result of this study was similar to study findings in Iran (43), lower than reports in Zambia (11), Niger (12), Bangladesh (8), China (45), and California (10), and higher than findings in Ethiopia (14) and Indonesia (41). Though consumption of Ethiopian kale increases during certain months, consumption of dark green leafy vegetables and fruits is generally low in many other parts of Ethiopia as well as in the study area (51). While access to wild fruits is decreasing nowadays, even those that are available are underutilized (52). The possible difference across the findings of the studies could be due to variations in production and seasonal variations. There is limited availability of certain foods during specific seasons, such as vegetables in the winter and autumn.

This study revealed that vitamin B12 (Cobalamin) inadequacy was 82.3%. It is lower than studies in Ethiopia (13) and Niger (12), and higher than findings in Ethiopia (14), Zambia (11), Thailand (44), China (45), Thailand (41), Iran (43) and, California (10). Vitamin B12 is indeed mainly found in animal food sources, such as meat, fish, poultry, eggs, and dairy products. In rural Ethiopia, where the diet predominantly consists of plant-based foods, this limited access to animal food sources would result in an increase in vitamin B12 inadequacy. In general, along with Vitamin B12, potential differences in the inadequacy of the above-mentioned B vitamins among studies conducted in different countries could be attributed to differences in dietary patterns, food production and availability, education levels and awareness, and socioeconomic status to access diverse food options.

When compared to all other micronutrients, nearly all mothers (98.4%) undoubtedly failed to meet the RDA for vitamin C. The finding corresponded to the Niger result (12); lower reports were obtained in Ethiopia (13, 14), Zambia (11), Bangladesh (8), Thailand (44), China (45), Indonesia (41), Iran (43), and California (10). This could be explained by the variation in fruit and vegetable consumption, as the current study showed quite low fruit and vegetable consumption.

About 92.8% of study subjects were inadequate in calcium intake. The result was similar to a study result in Bangladesh (8), lower than study results in Ethiopia (13), Zambia (11) and Niger (12), and higher than Ethiopia (14), Thailand (44), China (45), Indonesia (41), Iran (43) and California (10). The observed difference may be due to variations in consumption of dairy products and other calcium-rich foods, whose consumption was low in this study area.

Despite the high prevalence of iron deficiency anemia among mothers in Ethiopia (17, 53), surprisingly, this study showed that all mothers highly exceeded the requirements for iron, and none of the study subjects were found to be inadequate for iron. This is consistent with the findings of other studies conducted in Ethiopia (14), Iran (43), and California (10). However, inadequate intake was also reported in other studies in Ethiopia (13), Zambia (11), Niger (12), Bangladesh (8), Thailand (44), China (45), and Indonesia (41). The difference may be due to the high consumption of cereals, grains, and legumes in the study area, which are the major sources of iron even in the presence of antinutrients. In the study area, teff and millet were staple foods that are rich sources of iron. Despite this iron adequateness, the higher content of antinutrients and fiber in plant-based diets results in the low bioavailability of iron and possibly certain nutrients. This potentially explains the high incidence of anemia (21).

According to this study, zinc intake inadequacy was 28.8%, which is lower than studies in Ethiopia (13), Zambia (11), Bangladesh (8), Thailand (44), China (45), Iran (43), and higher than Ethiopia (14), Niger (12), Indonesia (41) and California (10). This discrepancy could be attributed to variations in the kinds of foods eaten in various regions, where zinc concentrations vary correspondingly.

Selenium intake inadequacy was prevalent among 13.7% of lactating mothers in the present study. This prevalence is greater than study findings in California (10) and lower than reports in Ethiopia (14) and Thailand (44). Different regions have distinct dietary patterns and selenium sources, leading to variations in intake levels. In addition, selenium content in soil and crops varies depending on geographical location (54).

In general, with regard to differences in study results of micronutrient intake in lactating mothers, numerous factors would contribute to the variability. These include differences in dietary intake measures, assessment methods, and indicator score cutoffs; population characteristics explained with variations in demographic characteristics, cultural practices, and socioeconomic status; geographical variation in types of food production and soil concentration of the nutrients (14, 25, 27, 28, 54, 55).

The odds of micronutrient intake inadequacy were 2.5 times higher among lactating mothers aged 18–25 years old as compared to mothers in the age group ≥36 years old. Younger lactating mothers potentially face financial constraints or have a lower socioeconomic status when compared to older mothers (56). Consequently, they may encounter challenges in accessing nutrient-dense foods. Furthermore, nutrition-related knowledge and attitudes are crucial factors, with older mothers having potentially greater exposure to nutrition-related information, empowering them to make informed decisions regarding their dietary choices.

Mothers with educational status of unable to read and write and primary school incomplete were 3.5 and 3.6 times more likely to have micronutrient intake inadequacy than mothers with secondary school completed or above educational status, respectively, as supported by other studies in Indonesia and Bangladesh (8, 41). Education empowers mothers to make informed decisions about diet and health, improving their understanding, attitude, healthcare inclination, and adherence to nutrition education (56–58).

Mothers whose partners had occupations other than farming were 3.3 times more likely to experience inadequate intake of essential micronutrients, when compared to mothers whose partners were farmers. This disparity can be attributed to the fact that farmers have better opportunities to cultivate diverse crops and access a wide range of fruits and vegetables, while those without farming occupations rely on market purchases.

The likelihood of micronutrient inadequacy was 1.8 times higher among mothers from food-insecure households than their counterparts. Food scarcity in households experiencing food insecurity reduces the likelihood of accessing a diverse range of nutritious foods (24, 58–60). As a result, lactating mothers face an increased risk of nutrient deficiency.

Mothers who held an unfavorable attitude toward nutrition were found to be 1.8 times more likely to have inadequate intake of essential micronutrients compared to those with a favorable attitude. A woman with a favorable nutrition-related attitude could have a high chance of adhering to nutrition education and striding to fulfill the recommended nutrient requirements accordingly, which would motivate her to consume a diverse and balanced diet (33).

This community-based study on the inadequacy of micronutrient intake provided an impressive picture of the nutrient intake of lactating mothers, whose consumption dictates the nutritional status of the mother–child pair, which could have a negative impact on a mother’s present health and future susceptibility to disease, as well as a child’s growth, development, and overall health, including later in life. However, relying solely on a single 24-h recall may lead to potential inaccuracies due to variations in day-to-day dietary patterns and memory biases. To mitigate this bias, maximum efforts were exerted by incorporating standardized quality-control procedures using well-trained nutrition experts throughout the entire study process and not counting days of special events. Moreover, the method is validated for low- and middle-income countries (61). There were certain challenges faced concerning food composition tables, including limited accessibility to specific food items that account for diverse cultural preferences as well as the absence of certain essential nutrients in the tables. To overcome these challenges, besides the exhaustive efforts made to identify closely resembling food items, recipes were prepared to replicate the desired food items. Additionally, apart from relying on the Ethiopian food composition tables, references were also made to tables from different countries (36–39).



Conclusion

Seven out of 10 lactating mothers in rural kebeles in the Amhara Region had inadequate micronutrient intake. With the exception of iron, all micronutrient intakes by lactating mothers did not meet the recommended levels. Age of the mothers, educational status of the mothers, occupation of the partner, household food security, and nutrition-related attitude were significantly associated with micronutrient intake inadequacy. Community driven nutrition education and interventions are needed to address the high micronutrient intake inadequacy among lactating mothers in rural Ethiopia. As a result, it is possible to raise awareness about their heightened nutrient requirements, improve their attitudes toward nutrition, and empower them to make informed dietary decisions.
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Background: Alzheimer’s disease (AD) is an age-related neurodegenerative disorder with no effective interventions for curing or modifying its progression. However, emerging research suggests that vitamin A in the diet may play a role in both the prevention and treatment of AD, although the exact mechanisms are not fully understood.
Objectives: This study aims to investigate the dietary vitamin A modifies the gut microbiota and intestinal tissue transcriptome, impacting intestinal permeability and the release of inflammatory factors, thereby influencing Aβ pathology shedding light on its potential as a dietary intervention for AD prevention and treatment.
Methods: The APP/PS1-AD mouse model was employed and divided into three dietary groups: vitamin A-deficient (VAD), normal vitamin A (VAN), and vitamin A-supplemented (VAS) for a 12-week study. Neurobehavioral functions were assessed using the Morris Water Maze Test (MWM). Enzyme-linked immunosorbent assay (ELISA) was used to quantify levels of Diamine Oxidase (DAO), D-lactate, IL-6, IL-1β, and TNF-a cytokines. Serum vitamin A levels were analyzed via LC-MS/MS analysis. Immunohistochemical analysis and morphometry were performed to evaluate the deposition of Aβ in brain tissue. The gut microbiota of APP/PS1 mice was analyzed using 16S rRNA sequencing analysis. Additionally, transcriptomic analysis was conducted on intestinal tissue from APP/PS1 mice.
Results: No significant changes in food intake and body weight were observed among the groups. However, the VAD and VAS groups showed reduced food intake compared to the VAN group at various time points. In terms of cognitive function, the VAN group performed better in the Morris Water Maze Test, indicating superior learning and memory abilities. The VAD and VAS groups exhibited impaired performance, with the VAS group performing relatively better than the VAD group. Serum vitamin A concentrations differed significantly among the groups, with the VAS group having the highest concentration. Aβ levels were significantly higher in the VAD group compared to both the VAN and VAS groups. Microbial analysis revealed that the VAS and VAN groups had higher microbial diversity than the VAD group, with specific taxa characterizing each group. The VAN group was characterized by taxa such as Actinohacteriota and Desulfovibrionaceae, while the VAD group was characterized by Parabacteroides and Tannerellaceae. The VAS group showed similarities with both VAN and VAD groups, with taxa like Desulfobacterota and Desulfovibrionaceae being present. The VAD vs. VAS, VAD vs. VAN, and VAS vs. VAN comparisons identified 571, 313, and 243 differentially expressed genes, respectively, which associated with cellular and metabolic processes, and pathway analysis revealed enrichment in pathways related to chemical carcinogenesis, drug metabolism, glutathione metabolism, and immune-related processes. The VAD group exhibited higher levels of D-lactate, diamine oxidase, and inflammatory cytokines (TNF-a, IL-1β, IL-6) compared to the VAN and VAS groups.
Conclusion: Dietary vitamin A supplementation modulates the gut microbiota, intestinal permeability, inflammatory factors, and Aβ protein formation, offering insights into the pathogenesis of AD and potential therapeutic avenues for further exploration. This research highlights the intricate interplay between diet, gut microbiota, and neurodegenerative processes, emphasizing the importance of dietary interventions in managing AD-related pathologies.
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Introduction

Alzheimer’s disease (AD) is widely recognized to be an age-related neurodegenerative disease, deposits of amyloid-β (Aβ) and hyperphosphorylated tau protein are its main characteristics (1). Recent data from the 2021 Alzheimer’s World Report indicated that more than 55 million people worldwide have dementia (2). About 60% of those dementia patients lived in low- and middle-income countries. Meanwhile, China, India, and their South Asian and Western Pacific neighbors have the fastest growing rate of elderly populations. Considering the anticipated patterns of population aging, it is expected that the prevalence of AD and the corresponding financial burden will increase. Currently, there is a lack of efficacious interventions capable of curing AD or modifying the pathological progression in the brain. Consequently, the effective regulation and management of risk factors associated with AD have assumed paramount significance. Diet has been implicated as a crucial factor in both the prevention and progression of AD (3). Vitamin A, a fat-soluble micronutrient and its metabolite retinoic acid (RA), has emerged as a potential preventive and therapeutic strategy for AD, neuroplasticity, essential for learning and adaptation, relies on adequate vitamin A intake and RA signaling. Furthermore, non-genomic actions of vitamin A and RA within the brain play a crucial role in AD prevention and treatment. Modulating these pathways may enhance brain function and offer novel therapeutic avenues (4). In spite of this, it is still unclear how vitamin A prevents and treats AD. This study aims to investigate the dietary vitamin A modifies the gut microbiota and intestinal tissue transcriptome, impacting intestinal permeability and the release of inflammatory factors, thereby influencing Aβ pathology shedding light on its potential as a dietary intervention for AD prevention and treatment.



Methods

The animal experiments were approved by the Animal Ethics Committee of Capital Medical University (Beijing, China) (No. AEEI-2022-236). Thirty male APP/PS1 mice (4 weeks old) obtained from Hua Fukang Biological Technologies (Beijing, China) were acclimatized to the new environment for 1 week. The APP/PS1 mice were randomly divided into three groups according to body weight, namely VAD, VAN, and VAS groups. The animals were fed with AIN93G diet supplemented with different amounts of vitamin A: 0 IU/g (VAD), 4 IU/g (VAN), or 15 IU/g (VAS).

All feed was provided by Beijing Kefao Xieli Feed Co., Ltd. (Beijing, China). During the experiment, they were exposed to 12 h of light and 12 h of darkness, maintained at a constant temperature of 20°C, and supplied with food and water on a constant basis. Animals were observed twice a week, and food intake and body weight were recorded weekly. After a 12-week period, the mice were euthanized by cervical dislocation under anesthesia following a 12-h fasting protocol prior to decapitation.


Collection and preservation of samples

Mice fecal samples were obtained during the 8:00 to 10:00 AM time frame at the conclusion of the 12th week and placed in pre-labeled sterile collection tubes. These samples were subsequently stored at a temperature of −80 degrees Celsius for further analysis. Serum samples were obtained from anesthetized mice through intraperitoneal injection of sodium pentobarbital, followed by blood extraction from their eyeballs after the removal of the eyeballs. Subsequently, the mice were dissected, and tissue from the brain and gut was collected. Brain tissues were extracted from animals transcardially perfused with phosphate-buffered saline (PBS), followed by fixation with 4% paraformaldehyde for 30 min. The small intestine (a 10-cm segment from the upper part of the small intestine) was isolated and flushed with PBS. The tissue was promptly frozen in liquid nitrogen and then transferred to a temperature of −80°C for preservation after being weighed, the tissue was promptly frozen in liquid nitrogen and subsequently transferred to a temperature of −80°C for the purpose of preservation. The blood samples were maintained within a refrigerator set at a temperature of 4°C for a duration of 30 min, after which they were subjected to centrifugation at a speed of 3,000 rpm for a period of 15 min. The resulting serum was then carefully transferred to a fresh centrifuge tube and stored at a temperature of −80°C.



Enzyme-linked immunosorbent assay

Serum levels of markers of intestinal permeability, such as Diamine Oxidase (DAO) and D-lactate, were measured using a mouse-specific ELISA kit, while serum cytokines including IL-6, IL-1β, and TNF-α were assessed with ELISA kits from MEIMIAN, China, according to the manufacturer’s instructions.



Morris water maze test

A six-day water maze experiment was conducted, wherein mice underwent four days of training followed by a 60-s search for a hidden platform from four different quadrants. In order to assess the mice’s memory of the platform’s location, they were briefly placed on the platform for 5 s after each test if they were unable to locate it. Subsequently, a 60-s detection experiment was carried out after the mice had completed five days of training, during which the time taken to find the hidden platform (escape latency) was measured. On the concluding day of the experiment, two trials were performed: the first entailed conducting the no platform test, wherein mice were assessed for their ability to locate the platform position within a span of 60 s, without the presence of a platform. The second experiment involved measuring the duration it took for the mice to locate the platform, employing the platform test.



Immunohistochemical analysis and morphometry

In this experiment, mouse brains were fixed in 4% paraformaldehyde in PBS for 24 h, dehydrated, and embedded in paraffin wax. The serial sections were cut at a thickness of 4 mm. Sections were microwaved (700 W) in citrate buffer pH 6.0 for 18 min, then digested with 100 g/mL proteinase K (Worthington) in TBS for 6 min at 37°C. A biotinylated anti-mouse IgG antibody (Vector Laboratories) was incubated with the sections after blocking with 10% calf serum in TBS. Then, avidin-biotin complex (ABC elite, Vector Laboratories) is used as chromogen for visualization. Counterstained with hematoxylin, the sections were lightly stained. The quantification of the percentage of Aβ-positive areas relative to the total area (referred to as Aβ burden), was conducted using the Image J software (NIH) (5). Aβ-positive areas exhibiting brown coloration above a predetermined threshold were binarized against the negative areas, and the percentage of positive area coverage was calculated.



The gut microbiota in the feces of APP/PS1 mice was analyzed using 16S rRNA sequencing analysis

Library construction and sequencing: after extracting total DNA of samples, primers were designed according to the conserved region. Sequencing adapters were added to the end of primers. The target sequences were amplified by PCR and its products were purified, quantified and homogenized to get a sequencing library. Then library QC was performed for constructing libraries. Qualified libraries were sequenced on Illumina Novaseq 6000. The original image data files obtained by high-throughput sequencing (such as Illumina Novaseq and other sequencing platforms) were converted into Sequenced Reads by Base Calling analysis. The results were stored in FASTQ (referred to as fq) format file, which contains sequence information of reads and their corresponding sequencing quality information.

Raw data processing includes following 2 steps: (1) Raw reads filtration: Raw reads were firstly filtered by Trimmomatic v 0.33 then the primer sequences were identified and removed by cutadapt 1.9.1, which finally generated high-quality reads without primer sequences; (2) DADA 2 de-noise: De-noise were processed by dada 2 (6) in R library in order to de-noise and remove chimeric sequences, generating non-chimeric reads. Bioinformatic analysis includes: Alpha diversity was calculated by the diversity indices (Shannon). Principal Component Analysis (7) for beta diversity analysis and LEfSe (8). Line Discriminant Analysis (LDA) Effect Size is an algorithm for biomarker discovery between groups, which combines non-parametric Kruskal-Wallis and Wilcoxon sum-rank test with effective size estimated linear discriminant analysis.



Transcriptomic analysis of intestinal tissue in APP/PS1 mice

We employed the NanoDrop 2000 spectrophotometer for assessing the purity and concentration of RNA, while the Agilent 2,100/Lab Chip GX system was used for accurate detection of RNA integrity. The library construction process involved the enrichment of eukaryotic mRNA using magnetic beads with Oligo (dT). The mRNA was then randomly fragmented using a Fragmentation Buffer. First-strand cDNA synthesis, as well as second-strand synthesis, was performed using the mRNA as a template, followed by cDNA purification. The purified double-stranded cDNA underwent end repair, a-tailing, and adaptor ligation. Subsequently, fragment size selection was carried out using AMPure XP beads. Finally, cDNA libraries were enriched through PCR. After the completion of library construction, initial quantification was performed using the Qubit 3.0 fluorometer, with a required concentration of above 1 ng/μl. Subsequently, the Qsep400 high-throughput analysis system was utilized to evaluate the insert sizes of the libraries. Upon confirming the expected insert sizes, the Q-PCR method was employed for precise quantification of the library’s effective concentration (library effective concentration > 2 nM) to ensure library quality. For sequencing, the Illumina NovaSeq6000 platform was used in PE150 mode. Following sequencing, the raw data was filtered to obtain clean data, which was then aligned to a specified reference genome to generate mapped data. Raw data analysis was performed using BMKCloud.1 The differentially expressed genes (DEGs) between the comparison groups were obtained by standardizing processing and screening conditions. Criteria for differentially expressed genes was set as Fold Change (FC) ≥ 1.5 and p value < 0.01. Fold change (FC) refers to the ratio of gene expression in two samples. False Discovery Rate (FDR) refers to adjusted p-value, which is used to measure significancy of difference. The KEGG database was used for functional annotation, classification statistics, and metabolic pathway analysis of DEGs in the comparison group.



Serum vitamin A assay

The detection method for serum vitamin A in APP/PS1 mice following steps. Transfer 50 μL of the sample to a 1.5 mL centrifuge tube. Add 200 μL of precipitating agent containing an internal standard (500 ng/mL Retinol-d4, prepared in acetonitrile) and vortex for 3 min. Centrifuge at 15,000 rpm for 10 min, and transfer 150 μL of the supernatant to an injection vial. Take 10 μL of the supernatant for LC–MS/MS analysis was performed using AB SCIEX Quad™ 4500MD. The separation and analysis conditions were as follows: SHIMADZU Shim-pack GIST-HP C8(50*2.1 mm, 3 μm), mobile phase: 0.1% formic acid solution (A), 0.1% formic acid methanol (B), gradient elution program: 0–1.5 min, 80% B, 1.5–2.0 min, 95% B, 2.0–2.5 min, 100% B, 2.5–3.0 min, 80% B. 0–0.3 min and 2.5–3.0 min flow rate is 0.6 mL/min, while the flow rate is 0.8 mL/min for the remaining time, column temperature: constant temperature 40°C, sample room temperature: constant temperature 10°C.



Statistical methods

Statistical analysis was conducted using IBM SPSS 26.0 software (SPSS Inc.). The data was presented as means and standard deviation (±SD), and statistical analyses were performed using one-way analysis of variance (one-way ANOVA) and repeated measures ANOVA with Bonferroni’s post-hoc test to compare multiple repeated measurements between groups. Statistical significance was defined as a p value < 0.05, <0.01, or 0.001.




Results


The impact of vitamin A on dietary intake and weight changes in APP/PS1 mice

Throughout the entirety of the experimental period, Figure 1 demonstrates that there were no noteworthy alterations in body weight and dietary consumption among APP/PS1 mice subjected to various dietary interventions. Nevertheless, at distinct time intervals, both the VAD and VAS groups exhibited reduced body weight (Figure 1A) and food intake (Figure 1B) in comparison to the VAN group. Despite the lack of statistical significance in body weight differences, the VAD and VAS groups exhibited a significant decrease in food intake compared to the VAN group at different time intervals.
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FIGURE 1
 The impact of vitamin A on dietary intake and body weight changes in APP/PS1 mice. (A) The changes in body weight of APP/PS1 mice among different groups. (B) The changes in dietary vitamin A intake among different groups of APP/PS1 mice. *Indicates compared with the VAN group, p < 0.05 indicates statistical significance.




The impact of vitamin A on serum vitamin A in APP/PS1 mice

LC–MS/MS is utilized to measure the serum concentration of vitamin A in APP/PS1 mice. The VAD group had an average concentration of 382.61 ± 79.76 ng/mL, the VAN group had 548.32 ± 40.06 ng/mL, and the VAS group had 640.85 ± 32.44 ng/mL. The one-way ANOVA analysis revealed a significant difference between the groups, with an F-value of 34.16 and a p-value of 0.0000026. Dietary vitamin A intervention affects the levels of vitamin A on serum vitamin A in APP/PS1 mice.



The effects of vitamin A on cognition of APP/PS1 mice

The MWM test is an effective method for detecting learning and memory abilities in mice suffering from neurodegenerative disorders, based on the MWM test, the swimming trace was determined, as well as the escape latency time on the platform location and the number of times crossing of the platform was found in the absence of a platform. Figure 2A shows the trajectories of the swimmer. Mice in a VAN group can almost directly find the platform for resting, or move to the area where there is no platform to locate the platform that has been removed. Regardless of whether there is a platform or not, the mice in the other groups have no purpose to swim around irregularly, indicating that the mice have more learning and memory disorders. Additionally, the mice in the VAN group were able to locate the platform in a more amount of time compared to the other groups, and the time taken by the other groups to find the platform was significantly (p < 0.01) higher than that of the VAN group, specifically, the VAS group had a shorter time to find the platform compared to the VAD group, however, there were no statistically significant differences observed between the VAN and VAS group (Figure 2B). Furthermore, in the absence of the platform, the mice in the VAN group repeatedly crossed the platform area. The number of mice in the other groups crossing for the platform was lower than that of the VAN group. Additionally, when compared to the VAD group, the VAN and VAS group showed a significant (p < 0.01) increase in the number of mice crossing for the platform. However, no statistically significant differences were observed between the VAN and VAS group (Figure 2C). These results suggest that vitamin A could influence the learning and memory ability of APP/PS1 mice.
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FIGURE 2
 The effects of vitamin A on cognition of APP/PS1 mice. (A) The mean latency time taken by APP/PS1 mice of different groups to find the platform (escape latency) in the Morris water maze task. (B) The mean number of escape latency time among APP/PS1 mice from different groups in the Morriswater maze task. (C) The mean number of platform crossings among APP/PS1 mice from different groups in the Morris water maze task when there is no platform. All of the data were analyzed using a one-way ANOVA and they are expressed as means ± SD. *Indicates compared with the VAD group, p < 0.05 indicates statistical significance.




Effects of vitamin A on the Aβ pathology in the brain of APP/PS1 mice

There has been study that have investigated the effects of vitamin A on the Aβ pathology of APP/PS1 mice (Figure 3). The VAD group exhibits a significantly greater deposition of Aβ compared to both the VAN and VAS groups (Figure 3A), with statistical significance. While there is no statistically significant difference in Aβ deposition between the VAN and VAS groups, it is noteworthy that the VAS group demonstrates a higher level of Aβ deposition in comparison to the VAN group (Figure 3B) The results of the study have shown that vitamin A supplementation can affect the levels of Aβ in the brain of APP/PS1 mice.
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FIGURE 3
 Effects of vitamin A on the Aβ pathology in the brain of APP/PS1 mice. (A) Representative images of immunohistochemical staining of the brains of APP/PS1 mice using an anti-Aβ (82E1) antibody in different groups. (B) Compare the quantification results of Aβ immunoreactivity in the hippocampus of the brains of APP/PS1 mice among different groups. All of the data were analyzed using a one-way ANOVA and they are expressed as means ± SD. *Indicates compared with the VAD group, p < 0.05 indicates statistical significance.




Effects of vitamin A on the intestinal microflora of APP/PS1 mice

The results of Shannon indices indicated that compared to the VAD group, the VAS and VAN group have higher Shannon indices (p < 0.05), but the similar between VAN and VAS group. VAS and VAN group have higher diversity than VAD group (Figure 4A). The results of PCA show that there is a small overlap between the VAN group and the VAD and VAS groups, indicating a potentially distinct composition compared to the VAD and VAS groups. On the other hand, the majority of the VAD and VAS groups overlap, suggesting that they share more similarities in terms of their composition (Figure 4B). In LEfSe analysis, the computational approach to comparing biomarker classes contributes to the understanding of microbial communities (Figure 4C).
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FIGURE 4
 Effects of vitamin A on the intestinal microflora of APP/PS1 mice. (A) Comparison of the Shannon index of gut microbiota in different groups of APP/PS1 mice. Significant differences were determined using the Student’s t-test as the default method for testing significance (p < 0.05). (B) Comparison of Principal Component Analysis of gut microbiota in different groups of APP/PS1 mice. Each dot represents a sample. The samples were colored based on grouping information if applicable. The confidence ellipse defines the region that contains 95% of all samples that can be drawn from underlying Gaussian distribution. X-axis: First principal component. The value in percentage indicates contribution of PC1 in variability. Y-axis: Second principal component. The value in percentage indicates contribution of PC2 in variability. (C) LEfSe among different groups of APP/PS1 mice in gut microbiota. Cladogram diagram: circles from center to outward layers represent taxonomic level from phylum to species. The node on circles represents a term on corresponding taxonomic level. The size of the dots indicates relative abundance. Coloring: Species with no significant difference are colored in yellow. Otherwise, the nodes were colored according to the group with the highest relative abundance, which helps visualize the relevance of different biological aspects. LDA score distribution histogram: Y-axis: Features that shown significant difference between groups; X-axis: Log10 of LDA score. The features were sorted according to LDA score. A longer bar indicates a more significant difference. The bars were colored according to the group with highest abundance of corresponding feature.


In the VAN and VAD groups, the VAN group is characterized by taxa such as p_Actinohacteriota, c_Coriabacteria, o_Coriobacteriales, f_Atopobiaceae, g_unclassified_Atopobiaceae, s_unclassified_Atopobiaceae, f_Desulfovibnonaceae, c_Desulfovibrionia, o_Desulfovibrionales, p_Desulfobacterota, s_unclassified_Desulfovibrio, g_DesLulfovibrio, s_unclassified_Muribaculaceae, g_unclassified_Muribaculaceae, f_Deferribacteraceae, c_Deferribacteres, o_Deferribacterales, p_Deferribacterota, g_Muospirillum, f_Muribdculaceae, s_Mucispirillum_sp_69, f_Oscillospiraceae, and f_Ruminococcaceae. On the other hand, the VAD group is characterized by taxa such as g_Parabacteroides, f_Tannehefellaceae, g_Erysigelatoclosttidium, s_unclassified_Erysipelatoclostridium, f_Erysipelatoclostridiaceae, f_Eubacterium_coprostanoligenes_group, g_unclassified_Eubacterium_coprostanoligenes_group, s_unclassified_Eubacterium_coprostanoligenes_group, f_Prevotellaceae, c_Verrucomicrobiae, s_unclassified_Akkermansia, g_Akkermansia, o_Verrucomicrobiales, p_Verrutomicrobidta, and f_Akkerrnansiaceae.

In the VAS and VAD groups, the VAS group is characterized by taxa such as p_Desulfobacterota, f_Desulfovibrionaceae, c_Desulfovibrionia, o_Desulfovibrionales, s_unclassified_Desulfovibrio, and g_Desulfovibrio. On the other hand, the VAD group is characterized by taxa including g_Parabacteroides and f_Tannerellaceae. In the VAN and VAS groups, the VAN group is characterized by taxa including p_Verrucomicrobiota, c_Verrucomicrobiae, s_unclassified_Akkermansia, g_Akkermansia, o_errucomicrobiales, f_Akkermansiaceae, p_Proteobacteria, c_Gammaproteobacteria, and o_Burkholderiales. Conversely, the VAS group is characterized by taxa such as s_unclassified_Muribaculaceae, g_unclassified_Muribaculaceae, f_Atopobiaceae, g_unclassified_Atdpobiaceae, s_unclassified_Atopobiaceae, p_Actinobacteriota, c_Coriobacteriia, and o_Coriobacteriales.



Effects of vitamin A on the transcriptomic of intestinal tissue in APP/PS1 mice

In the intestinal tissue of APP/PS1 mice, we used RNA sequencing technology to perform comparative analysis of vitamin A in different groups. As shown in the Figure 5A and volcano plot Figure 5B, when comparing the VAD group to the VAS group, we observed upregulation of 243 genes and downregulation of 328 genes, resulting in a total of 571 differentially expressed genes. Similarly, in the comparison between the VAD group and the VAN group, we observed upregulation of 205 genes and downregulation of 108 genes, resulting in a total of 313 differentially expressed genes. In contrast, when comparing the VAS group to the VAN group, we observed upregulation of 120 genes and downregulation of 123 genes, resulting in a total of 243 differentially expressed genes. These findings highlight the distinct gene expression profiles associated with different vitamin A interventions in the intestinal tissue of APP/PS1 mice.
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FIGURE 5
 Effects of vitamin A on the transcriptomic of intestinal tissue in APP/PS1 mice. (A) Histogram of the number of differentially expressed genes in different groups of APP/PS1 mice. Criteria for differentially expressed genes was set as Fold Change (FC) ≥ 1.5 and p value < 0.01. Fold change (FC) refers to the ratio of gene expression in two samples. False Discovery Rate (FDR) refers to adjusted p-value, which is used to measure significancy of difference. (B) Volcano plot of the number of differentially expressed genes in different groups of APP/PS1 mice. Each dot represents a gene. X-axis: log2Fold change of expression; Y-axis: −log10(FDR) or −log10(p-value). Dots farther to y = 0 represent genes with large difference in expression between two samples. Dots farther to x = 0 represents genes of which the difference is more reliable. Green dots are down-regulated genes, while red dots are up-regulated ones and black dots are genes without significant difference. (C) GO classification of differentially expressed genes in different groups of APP/PS1 mice. X-axis: Go terms and classifications; Y-axis: Number of DEGs (genes) annotated to the term (right). (D) Cnetplot of KEGG pathways in different groups of APP/PS1 mice. The color of the edges represents different pathways, while the color of gene nodes indicates fold-change values. Larger pathway nodes indicate a greater number of genes enriched in that pathway. This figure displays the top 5 most enriched (q-value) pathways and their associated genes, providing a visual representation of the relationship between genes and pathways.


As shown in the Figure 5C, GO classification of DEGs between group was shown in the figure, when comparing between the VAD group and the VAS group, it revealed that GO classification of these genes was involved in cellular processes, metabolic processes, cellular anatomical entities, intracellular activities, binding, and catalytic activities. Similarly, when comparing the VAD group to the VAN group, the GO classification of DEGs showed enrichment in cellular processes, metabolic processes, cellular anatomical entities, intracellular activities, catalytic activities, and binding. Furthermore, the comparison between the VAS group and the VAN group revealed GO classification terms related to cellular processes, system processes, cellular anatomical entities, intracellular activities, binding, and catalytic activities. These GO classification results provide insights into the functional characteristics and molecular activities associated with the differentially expressed genes in each comparison group. KEGG analysis and pathway enrichment analysis were conducted in the KEGG pathway database, as shown in the cnetplot of KEGG pathways Figure 5D results revealed the enriched pathways for the DEGs, when comparing the VAD group to the VAS group. These pathways include Chemical carcinogenesis, Drug metabolism - cytochrome P450, Drug metabolism - other enzymes, Glutathione metabolism, and Metabolism of xenobiotics by cytochrome P450. Similarly, when comparing the VAD group to the VAN group, the DEGs enriched pathways include Chemical carcinogenesis, Drug metabolism - other enzymes, Glutathione metabolism, Metabolism of xenobiotics by cytochrome P450, and Proteasome. Furthermore, the comparison between the VAD group and the VAN group revealed the DEGs enriched pathways as Allograft rejection, Hematopoietic cell lineage, Leishmaniasis, Phagosome, and Primary immunodeficiency. These findings provide insights into the potential biological pathways and processes associated with the differentially expressed genes in each comparison group.



Effects of vitamin A on intestinal mucosal permeability and inflammation in APP/PS1 mice

The levels of D-lactate and diamine oxidase, indicators of intestinal mucosal permeability, were detected in the serum of APP/PS1 mice using the ELISA method. The levels of D-lactate and diamine oxidase in the VAD group were significantly higher than those in the VAN and VAS groups, with statistical significance. Although the levels of D-lactate and diamine oxidase in the VAN and VAS groups did not show statistical significance, the VAS group had slightly higher levels of D-lactate and diamine oxidase compared to the VAN group (Figure 6A). Furthermore, to detect the levels of inflammatory cytokines TNF-α, IL-1β, and IL-6 in the serum of APP/PS1 mice using the ELISA method, it was found that the VAD group had significantly higher levels of TNF-α, IL-1β, and IL-6 compared to the VAN and VAS groups, with statistical significance. Although the levels of TNF-α, IL-1β, and IL-6 in the VAN and VAS groups did not show statistical significance, the VAS group had slightly higher levels of TNF-α, IL-1β, and IL-6 compared to the VAN group (Figure 6B).
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FIGURE 6
 Effects of vitamin A on intestinal mucosal permeability and inflammation in APP/PS1 mice. (A) Comparison of diamine oxidase levels (DOA) and D-lactate, indicators of intestinal mucosal permeability, among different groups of APP/PS1 mice. All of the data were analyzed using a one-way ANOVA and they are expressed as means ± SD. *Indicates compared with the VAD group, p < 0.05 indicates statistical significance; (B) Comparison of the levels of inflammatory markers TNF-α, IL-1β, and IL-6 among different groups of APP/PS1 mice. All of the data were analyzed using a one-way ANOVA and they are expressed as means ± SD. *Indicates compared with the VAD group, p < 0.05 indicates statistical significance.





Discussion

Vitamin A is known to play a crucial role in maintaining neuronal plasticity and cognitive function (9). Our study evaluated a short-term dietary vitamin A could affect the development of AD-type neuropathology and consequent behavior impairment in the APP/PS1-AD mouse model. We show that the 12-week vitamin A-deficient diet resulted in decreased serum retinol levels, impaired cognition, and increased Aβ pathologies in the hippocampus of APP/PS1 mice. Conversely, a vitamin A-enriched diet led to higher serum retinol levels, preserved cognition, and reduced Aβ pathologies in the hippocampus of APP/PS1 mice. The mechanism underlying this phenomenon is attributed to the action of dietary vitamin A, which can modulate the composition and functionality of the gut microbiota. Dietary vitamin A has the ability to influence the transcriptome of the intestine, thereby affecting the regulation of intestinal permeability and the release of inflammatory factors. This impact can alter the intestinal environment, promoting or inhibiting the formation and deposition of Aβprotein, thus influencing Aβ pathology.

Dietary vitamin A affects serum retinol levels in APP/PS1 mice through the intake of provitamin A carotenoids (mainly β-carotene) or preformed vitamin A (such as retinyl esters) (10). Dietary vitamin A also affects cognitive functions and Aβ pathologies in the hippocampus of APP/PS1 mice. The findings of our study align with previous research (11–13), indicating that reduced levels of vitamin A can worsen cognitive impairment and Aβ pathology in a mouse model of Alzheimer’s disease. However, we have observed that the administration of vitamin A supplementation effectively counteracts this progression (14, 15), and surprisingly, the VAS group shows higher Aβdeposition compared to the VAN group, indicating a notable difference in Aβaccumulation. The reason for this might be related to our study following the “Chinese Dietary Reference Intakes for Residents (2013 Edition).” The Recommended Nutrient Intake (RNI) of vitamin A for adult males is 800 μg RAE per day, with a Tolerable Upper Intake Level (UL) of 3,000 μg RAE per day. By adjusting the vitamin A content from 4 IU per gram to 15 IU /g in the AIN93G diet, the level of vitamin A in the VAS group’s diet is 15 IU /g, equivalent to the UL in the human body. The long-term intake of vitamin A at the UL level can have pathological effects on the body. In this study, we assessed the levels of D-lactate and diamine oxidase, which serve as indicators of intestinal mucosal permeability. Our findings demonstrate that inadequate vitamin A levels can augment intestinal permeability, whereas vitamin A supplementation can ameliorate this phenomenon, aligning with previous research (16). This underscores the essential role of vitamin A in maintaining immune homeostasis and fostering immune tolerance within the intestinal milieu (17). Additionally, our findings indicate that a deficiency in vitamin A leads to an elevation in serum pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in APP/PS1 mice. Conversely, supplementation of vitamin A results in a decrease in these cytokines. It is worth noting that TNF-α has the ability to stimulate γ-secretase activity, which subsequently leads to an increased synthesis of Aβ peptides (18). By blocking the TNF-α pathway, the formation of Aβ plaques in the AD-animal brain can be reduced (19). Furthermore, the elevation of IL-1β has been linked to the progression and onset of AD. However, inhibiting IL-1β has shown significant potential in diminishing brain Aβ deposition in 3xTg-AD mice (20). The production and signaling of IL-6 at higher levels may be associated with cognitive decline and the formation of Aβ aggregates in AD. Additionally, this study suggests that targeting the pro-inflammatory IL-6 signaling pathway could be a potential strategy to mitigate memory deficits and metabolic disturbances in AD (21).

A dietary deficiency of vitamin A can lead to a decrease in the Shannon index. After dietary supplementation of vitamin A, the Shannon index is restored. This indicates that dietary vitamin A can impact the diversity of gut microbiota in APP/PS1 mice. This result is consistent with studies on dietary vitamin A in other AD model mice (14). The presence of certain bacteria in the gut is heightened due to the effect of dietary vitamin A, whereby specific bacterial groups exhibit either anti-inflammatory or pro-inflammatory effects. In the VAN and VAS groups, the predominant anti-inflammatory bacteria in the VAN group are Akkermansia and Verrucomicrobiales, while the anti-inflammatory bacterial communities in the VAS group belong to the genus Desulfovibrio. Conversely, the predominant pro-inflammatory bacteria in the VAD group consist of microbial communities such as Parabacteroides and Tannerellaceae. Akkermansia, a mucin-degrading bacterium, regulates host barrier function and immune response, highlighting its anti-inflammatory effects and its potential as a promising strategy for the therapy of inflammatory bowel disease by addressing reduced intestinal colonization that contributes to the development of such diseases (22). Verrucomicrobia possesses anti-inflammatory properties that contribute to intestinal health. Research has indicated a beneficial relationship between the foxp3 gene, which is responsible for promoting anti-inflammatory responses and immunity in humans (23). Desulfovibrio are sulfate-reducing bacteria have the ability to reduce sulfate to hydrogen sulfide, which, when accumulated, can lead to damage to the intestinal epithelium, causing chronic inflammation and disrupting the balance between cellular proliferation and apoptosis (24). In this enclosed niche of the intestinal system, bacteria that inhibit inflammation and bacteria that promote inflammation competitively inhibit each other’s growth, maintaining a dynamic balance in the gut. Parabacteroides, which possess physiological characteristics related to carbohydrate metabolism and the secretion of short-chain fatty acids, have recently been reported to be closely associated with host health, such as metabolic syndrome, inflammatory bowel disease, and obesity, as inflammatory mediators (25). Tannerellaceae, as oral pathogenic bacteria, have been extensively studied for their association with oral diseases, particularly chronic periodontitis. Their presence at lesion sites of periodontitis is notably high, suggesting a role in promoting inflammation (26). Additionally, in Sleep deprivation C57BL/6 J mice, the abundance of Tannerellaceae in the gut showed a positive correlation with the levels of pro-inflammatory cytokines (27).

Vitamin A and its active metabolite, RA, have been suggested to exhibit beneficial effects in Alzheimer’s disease by mechanisms that involve inhibiting the formation, elongation, and destabilizing effects of β-amyloid fibrils (28, 29). The obtained RNA sequencing results of the upper segment of the small intestine in APP/PS1 mice subjected to vitamin A intervention in various groups revealed distinct gene expression profiles associated with different vitamin A interventions in the intestinal tissue of APP/PS1 mice. The analysis of DEGs using the GO classification method demonstrated significant enrichment in various cellular processes, metabolic processes, cellular anatomical entities, intracellular activities, as well as binding and catalytic activities. This enrichment was observed when comparing the VAD group to the VAS group, the VAD group to the VAN group, and the VAS group to the VAN group. The DEGs of the pathway analysis in the small intestine of APP/PS1 mice, comparing the VAD group to the VAS and VAN groups, were subjected to KEGG and pathway enrichment analyses. These analyses revealed significant enrichment in pathways associated with carcinogenesis, drug metabolism, xenobiotic metabolism, and immune responses.

Vitamin A has been found to exert a notable influence on carcinogenesis, as supported by research indicating that mice with a deficiency in vitamin A exhibited heightened intestinal inflammation, delayed mucosal healing, and heightened immune responses. These factors collectively contributed to an increased vulnerability to colorectal cancer (CRC) (30). Additionally, it has been observed that inflammation induced by gut bacteria impacts the metabolism of all-trans retinoic acid (AtRA), resulting in diminished levels of AtRA, this reduction in AtRA levels has been implicated in the advancement of ulcerative colitis (UC) and its associated CRC (31). Moreover, the coalescence of retinol and retinol-binding protein (RBP) elicited the activation of the STRA6 oncogene, thereby substantiating its involvement in the genesis of CRC (32). In essence, the insufficiency of vitamin A expedited the progression of colitis and the development of CRC by perturbing immune responses and metabolic processes. RA, an essential metabolite of vitamin A in the intestinal tract, plays a significant role in modulating the expression and functionality of specific cytochrome P450 enzymes, thereby exerting an influence on the metabolism of select drugs. It possesses the ability to induce or inhibit the expression of these enzymes, consequently resulting in alterations in drug metabolism rates. This, in turn, can have implications for the pharmacokinetics and effectiveness of drugs, as well as the potential for drug–drug interactions (33), while also regulating the intestinal immune tolerance toward commensal bacteria and food antigens (34, 35). Notably, vitamin A deficiency has been demonstrated to impact xenobiotic-metabolizing enzymes and the body’s defense mechanisms (36).

To summarize, the aforementioned findings underscore the importance of vitamin A in the context of Alzheimer’s disease pathology and behavior within the APP/PS1 mouse model. This phenomenon is attributed to the modulation of gut microbiota by dietary vitamin A, which subsequently impacts intestinal permeability, inflammatory factors, and ultimately the formation and deposition of Aβ protein, thereby exerting an influence on Aβ pathology. These findings make a substantial contribution to the progress of understanding Alzheimer’s disease and provide valuable insights for the development of potential therapeutic strategies.
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Introduction

Trisomy 21 (T21), which causes Down syndrome (DS), is the most common chromosomal aneuploidy in humankind and includes different clinical comorbidities, among which the alteration of the immune system has a heavy impact on patient’s lives. A molecule with an important role in immune response is zinc and it is known that its concentration is significantly lower in children with T21. Different hypotheses were made about this metabolic alteration and one of the reasons might be the overexpression of superoxide dismutase 1 (SOD1) gene, as zinc is part of the SOD1 active enzymatic center.





Methods

The aim of our work is to explore if there is a linear correlation between zinc level and immune cell levels measured in a total of 217 blood samples from subjects with T21. Furthermore, transcriptome map analyses were performed using Transcriptome Mapper (TRAM) software to investigate whether a difference in gene expression is detectable between subjects with T21 and euploid control group in tissues and cells involved in the immune response such as lymphoblastoid cells, thymus and white blood cells.





Results

Our results have confirmed the literature data stating that the blood zinc level in subjects with T21 is lower compared to the general population; in addition, we report that the T21/control zinc concentration ratio is 2:3, consistent with a chromosomal dosage effect due to the presence of three copies of chromosome 21. The transcriptome map analyses showed an alteration of some gene’s expression which might explain low levels of zinc in the blood.





Discussion

Our data suggest that zinc level is not associated with the levels of immunity cells or proteins analyzed themselves and rather the main role of this ion might be played in altering immune cell function.





Keywords: down syndrome, zinc, immunity disorder, transcriptome, integration





Introduction

Trisomy 21 (T21), which causes Down syndrome (DS) (OMIM 190685) (1), is the most common chromosomal aneuploidy in humankind and it is usually associated with a delay in cognitive ability and physical growth, as well as a particular set of clinical features (2).

One of the clinical comorbidities of subjects with DS is the alteration of the immune system. The adaptive and innate immune responses in individuals with trisomy 21 are aberrant at multiple levels, including dysfunction of the cellular and humoral responses, altered phagocytic function of myeloid cells, partial deficiency of complement proteins, increased cytokine responses (3, 4) elevated interferon (IFN) signaling (5, 6), and altered toll-like receptor (TLR) signaling (7). In fact, children with trisomy 21 are a high-risk group who get more severe infections and have poorer outcomes, with a higher overall mortality rate; they are more likely to be admitted to hospital, have an increased length of stay due to respiratory tract infection and a greater chance of requiring ventilatory support and intensive care (7–10).

Verstegen et al. hypothesize three molecular mechanisms that can affect cellular development function and survival: the direct effect of dysregulated gene expression, impaired cellular communication and local environment (i.e., pro-inflammatory cytokine profile, chronic interferon activity, increased oxidative stress conditions) (10).

One chemical element with an important role in the immune response is zinc (Zn). It is involved in the maintenance and development of both innate and adaptive immune systems (11), and its deficiency results in an altered host defense, increased risk of inflammation and even death. In subjects with DS a decreased concentration of this element in serum, plasma and whole blood is reported (12, 13).

Zinc is essential for life and is the second most abundant transition metal ion in living organisms after iron. It is found predominantly bound to albumin (60%, low-affinity), α2-macroglobulin (30%, high-affinity) and transferrin (10%) (14–16), which help to maintain a proper concentration (17). In contrast to iron, zinc cannot be stored and must be taken up via food daily to guarantee sufficient supply (17).

A disrupted zinc homeostasis leads to weakened innate host defense via phagocytosis and oxidative burst, impaired formation, activation, and maturation of lymphocytes, including thymic atrophy, and disturbed intercellular communication via cytokines (18). Moreover, through the interaction of zinc fingers with homeoboxes (ZHX) and transcription factors, zinc regulates gene expression (19).

According to meta-analysis by Barišić and Saghazadeh, zinc concentration was significantly lower in serum, plasma and whole blood of children and adolescents with trisomy 21 compared to control group (12, 13) instead copper (Cu) and zinc levels were higher in trisomic red blood cells (12). This meta-analysis showed that females and males with trisomy 21 do not differ in Zinc levels and evidence was not conclusive with regards to the effect of age on zinc levels (12).

One of the reasons for the zinc alteration in subjects with DS might be the overexpression of superoxide dismutase 1 (SOD1) gene (20), located on chromosome 21. SOD1 has been found to be expressed 50% higher than normal in various cells and tissues of people with trisomy 21 (21). Cu-Zn-SOD is an intracellular dimeric enzyme containing Cu and Zn ions in the active site (22). Considering that zinc is part of the SOD1 active enzymatic center, it seems very likely that the elevated zinc and copper levels in red blood cells of subjects with trisomy 21 are due to the increased intraerythrocytic levels and activity of SOD1 (23). Nevertheless, the increase of SOD1 activity could also lead to excessive zinc consumption because it is part of the active enzymatic center (13).

Metallothioneins, a family of 19 cysteine-rich, low molecular weight proteins, are located in the membrane of the Golgi apparatus and have a known antioxidant role. Any changes related to these proteins are reflected in altered zinc concentrations such as higher levels of metallothionein 3 in trisomic astrocytes have been shown to cause a lower concentration of free zinc (24).

Solute carrier family 30 (SLC30) and 39 (SLC39) produce protein transporters involved in zinc homeostasis, functioning in opposite directions. SLC30 proteins maintain cytoplasmic zinc balance exporting zinc out or sequestrating cytoplasmic zinc into intracellular compartments when cellular concentration is elevated. SLC39 proteins increase the cytoplasmic zinc concentration importing the ion in when cellular concentration is depleted (25).

The effectiveness of zinc supplementation in people with trisomy 21 has been reported with discordant results. It is reported from several authors that zinc sulphate supplementation has a positive effect in increasing zinc serum levels and thymulin plasma levels (26–28), normalizing neutrophil chemotaxis and lymphocyte response to phytohemagglutinin, increasing the absolute number of circulating T lymphocytes, and decreasing infections (26, 29). Other authors, who administered zinc gluconate in children with trisomy 21 obtained a tendency towards a decrease of days or episodes of cough and fever but without any effect on other clinical items, such as immunoglobulin and complement serum levels, the number of lymphocytes, or the in vitro response to mitogens (30). In another work, no correlation was found between low zinc levels in a cohort of children with trisomy 21 and the recurrence and/or the intensity of infections (29).

It has been shown that zinc supplementation enables DNA repair in lymphocytes of people with trisomy 21 (31). Indeed, a significant increase in the synthesis of DNA was obtained after the administration of zinc sulphate orally.

It is relevant to report that zinc sulphate treatment seems to induce a clonal selection of immature and ineffective peripheral myeloid cells by a zinc-induced cell death mechanism (32). Leukocytes contain high levels of zinc and levels vary with cellular maturity, lowest being in the most immature cells; low plasma zinc levels shown in subjects with trisomy 21 could be responsible for the inhibition of normal differentiation of myeloid cells and for undifferentiated cells coming out from bone marrow to peripheral blood (32).

The aim of our work is to confirm literature data on zinc levels in subjects with T21 in our T21 cohort compared to a control group in a larger cohort of subjects with trisomy 21, then to understand if there is a linear correlation between zinc levels and immune cell levels and finally to search if there is any difference in gene expression in lymphoblastoid cells, thymus and white blood cells from subjects with trisomy 21 and control group subjects.





Materials and methods




Ethics statement

The ethical approval for this study has been granted by the Independent Ethics Committee of the IRCCS University Hospital Company of Bologna, Policlinic of Sant’Orsola, Italy (number: 39/2013/U/Tess). Informed written consent has been obtained from all participants to collect blood samples and clinical data as well as for genetic analysis; if the subject was below 18 years of age, the consent was collected from parents or legal tutor.





Down syndrome case selection

Blood samples and clinical data were collected in the context of the yearly routine follow up provided for patients with trisomy 21 at the Day Hospital of the Neonatology Unit in IRCCS University Hospital Company of Bologna, Policlinic of Sant’Orsola. Sample collection and data analysis for research started in 2014 within the “Genotype-phenotype correlation in trisomy 21 (Down syndrome)” project.

For the aim of this study, the inclusion criteria for children were diagnosis of trisomy 21 and no zinc supplement, antibiotic or oral cortisone therapy at blood draw (local cortisone therapy was allowed). A total of 217 subjects with trisomy 21 were recruited in this study; one patient was excluded because the zinc value (34.72 µmol/L) was an outlier in the group of enrolled subjects. This exclusion makes the total number of patients included in Supplementary Dataset 1 file 216 (from age 10 months to 34 years). In particular we included 30 babies between 10 months and 4 years old, 77 kids between 4 and 9 years old, 59 children between 9 and 14 years old, 25 teenagers between 14 and 18 years old and 25 adults over 18 years old. Some blood values of immunity data are missing due to an inadequate volume of blood obtained or due to problems occurred during laboratory analysis, or not considered in the statistical analysis because identified as strong outlayer (highlighted in red in Supplementary Dataset 1). We excluded from the analysis 7 subjects without information on fasting state (Fasting state=N/A) when the metabolite levels were influenced by fasting state. Because of this we indicated for each statistical analysis the total amount of patients studied. Subjects with pathological lymphopenias or lymphocytosis were not present in the population and thus discussion of the results refers only to situations within physiological limits. For every collected sample, information has been gathered regarding current fasting state, most recent meal and drugs taken.

All data can be found in Supplementary Dataset 1.





Preparation and analyses of T21 blood samples

Blood analyses were performed by Laboratorio Unico Metropolitano of Bologna (LUM) in the contest of the yearly routine follow up provided for patients with T21. Blood samples were collected in EDTA-coated blood collection tubes and kept at room temperature and were treated within 2 hours from blood draw.

The quantitative determination of zinc (µmol/L) in human serum was detected by direct colorimetric method without the deproteinization step on Beckman AU analyzer. The quantitative determination of percentage (%) of total lymphocytes was detected in human serum using a turbidimeters measurement on Beckman Coulter AU analyzer: immunoglobulin A (IgA) (OSR61171), IgG (OSR61172), and IgM (OSR61173). Complete blood count (CBC) (103/mmc), including white blood cells, basophils, neutrophils, lymphocytes, monocytes, and eosinophils was performed by fluorescent flux cytometry using Sysmex XN technology. The lymphocyte typing (T cells, T CD4+ cells, T CD8+ cells, B cells, natural killer cells) was performed on whole blood using BD FACSCanto II flow cytometry (BD Biosciences) and analyzed with BD FACSDiva software (BD Biosciences).





Control data selection

A bibliographic search was done on the National Center for Biotechnology Information (NCBI) PubMed website in order to find a control (CTRL) population that matched as closely as possible in age, historical period, and geographic location.

López’s 1997 article seemed to be the most suitable, having analyzed zinc levels in a healthy Spanish pediatric population of 3668 subjects aged from 4 to 18 years old (33). The subjects were selected randomly from child and adolescent populations in Navarra, Spain in the context of an epidemiological study on cardiovascular risk factors. Zinc was analyzed in the serum collected in 1987 and stored in polypropylene containers at -20°C for five years (33). López in his study described a normal distribution and reported number of cases, mean and 95% confidence interval for male and female of each age from 4 to 18 years old (33). We summarized his data in Supplementary Table 1. In addition, López’s 1997 work, which was used as control, also excluded values above or below 2 standard deviation (SD), considering them as outliers (33). We obtained the SD from 95% confidence interval from the work of López 1997 using the method that can be found in Supplementary File 1.





Statistical analyses

All statistical analyses were performed using SPSS Statistics (IBM software) except for the student’s t-test analysis between subjects with T21 and CTRL for which we used GraphPad online software (https://www.graphpad.com/quickcalcs/ttest1.cfm). The Kolmogorov-Smirnov test was executed using an online tool (https://www.socscistatistics.com/tests/kolmogorov/default.aspx) to know if the data follow a normal distribution. Strong outliers were excluded from the analyses.

For all results, p<0.05 was required for statistical significance. When R or Cramer’s V coefficient was between 0.4 and -0.4, the influence of this variable was considered as low; when R or Cramer’s V coefficient was between 0.4 and 0.7 or -0.4 and -0.7 the influence was considered as moderate, when they were greater than 0.7 or lower than -0.7 the influence was considered as strong. Cohen’s D coefficient > 1.5 was considered strong.

Student t-test was performed to compare the means of zinc level in T21 and CTRL populations. We decided to compare the whole populations according to sex and according to age range divided in a pre-puberal group (from 4 to 9 years old), a puberal group (from 9 to 14 years old) and a young adult group (from 14 to 18 years old).

Bivariate correlation was performed between continuous variables and Student’s t-test or Wilcoxon Mann Whitney test were executed between nominal variables to assess an influence of age, sex, fasting state and zinc transporter on zinc values and immunity parameters.

Where this influence was not found, bivariate correlation was used to compare zinc and immunity values, dividing subjects by fasting state. Where an influence was detected, partial correlation was performed.

Chi-squared test was used to search for an association between High/Low levels compared to the median value of zinc and of immunity cells/factors.





Gene selection

For gene expression analysis, we first performed a bibliographic search on the NCBI PubChem database (https://pubchem.ncbi.nlm.nih.gov) to find genes involved in zinc metabolism. We searched for “Zinc”, “Zinc fingers” and “Zinc fingers transcription factor” in the PubChem toolbar adding as filter “Homo sapiens”. We selected the Gene section and examined all the gene sheets, establishing if they had an effective interaction with zinc molecules.





Transcriptome mapper for gene expression analysis

Transcriptome Mapper (TRAM) is a validated software that is able to import gene expression data from NCBI Gene Expression Omnibus (GEO) and ArrayExpress databases in tab-delimited text format (34, 35). It allows the integration of all data through the decoding of probes identifiers to gene symbols, through UniGene data parsing (36); TRAM performs an intra- and inter-sample normalization (scaled quantile normalization) of gene expression values and creates a graphical representation of the gene expression profile in two different modes, “Map” or “Cluster”, and assesses the statistical significance of the results by statistical tests. Moreover, TRAM allows the comparison of two biological conditions, in this case “Pool A” or T21 samples and “Pool B” or control samples, identifying critical genomic regions and genes with significant differential expression.

In this work, we used TRAM to analyze differential transcriptome maps of lymphoblastoid cells, thymus and white blood cells already validated (35) focusing on differentially expressed genes (DEGs) implicated in zinc metabolism which are expressed with a T21/CTRL ratio >1.3 or <0.76. We excluded genes whose expression was lower than 1 in both T21 and CTRL groups.






Results




Comparison of zinc levels in T21 subjects and control group

First, the Kolmogorov-Smirnov test was performed to check for normal distribution. Excluding one extremely high zinc value (greater than mean + 2 SD) from the total of 217 subjects enrolled, data on blood zinc levels are available from 216 subjects with T21. Results indicated that the data distribution is normal or Gaussian. Indeed, the mean is 13.03 and median is 12.70 (Table 1).

Table 1 | Zinc in children with trisomy 21 (µmol/L).


[image: Table displaying zinc concentrations (µmol/l) categorized by total, gender, and age groups. Total subjects (216) have a mean zinc level of 13.03 with an SD of 3.46. Males (133) show a mean of 13.37 and SD of 3.34; females (83) show a mean of 12.48 and SD of 3.61. Age groups: <4 years (n=30, mean=12.44, SD=4.20), 4≤y<9 (n=77, mean=13.49, SD=3.61), 9≤y<14 (n=59, mean=12.94, SD=2.99), 14≤y<18 (n=25, mean=12.29, SD=3.00), y≥18 (n=25, mean=13.27, SD=3.53).]
We compared T21 and CTRL whole populations (Supplementary Table 2, p < 0.001) according to sex (Figure 1) and according to age range divided in a pre-puberal group (from 4 to 9 years old, p < 0.001), a puberal group (from 9 to 14 years old, p < 0.001) and a young adult group (from 14 to 18 years old, p < 0.001) (Figure 2).

[image: Box plot comparing zinc levels (µmol/L) in male and female cohorts with T21 and control (CTRL) groups. T21 groups have lower median zinc levels. Significant differences are marked with asterisks.]
Figure 1 | Zinc level comparison trisomy 21 (T21) and control (CTRL) groups according to sex. Black box=T21 subjects, White box= CTRL subjects, ***p < 0.001.

[image: Line graph showing zinc levels in micromoles per liter against age in years. The solid line indicates an increase in zinc levels with age, while the dashed line shows a slight decrease. Asterisks and brackets suggest statistical significance in the difference between the lines.]
Figure 2 | Zinc level comparison in trisomy 21 (T21) and control (CTRL) groups according to age range. Continuous line= T21 subjects, Dotted line= CTRL subjects, ***p < 0.001.





Gene expression analysis using TRAM software

From the bibliographic search, we found in total 55 genes involved in zinc metabolism (Supplementary Table 3) and we studied their expressions in lymphoblastoid cell lines, in thymus and in white blood cells.

Concerning the lymphoblastoid cell lines, we found that 54 out of 55 selected genes had an available gene expression value and 5 of them were DEGs: 4 genes are overexpressed with a ratio of 3:2, 3 of which belong to metallothionein family and the fourth is SOD1; only one (IK7F3) is underexpressed with a ratio of 2:3 (Table 2; Supplementary Table 4A).

Table 2 | List of differentially expressed genes (DEGs) in a pool of lymphoblastoid cells with trisomy 21 versus a pool of euploid lymphoblastoid cells (Pelleri et al., 2018).


[image: Table displaying gene expression data. Columns include Gene name, Description, Location, Expression in Trisomy 21 (T21), Expression in Control (CTRL), and T21/CTRL ratio. Key details: **MT1G** and **MT1H** show increased expression in T21 compared to CTRL with ratios above 1.45 and 1.47 respectively. **IKZF3** has a decreased ratio of 0.75. **SOD1** and **MT1HL1** also show increased ratios of 1.40 and 1.35. Gene locations are 16q13, 17q12-q21.1, 21q22.11, and 1q43. Arrows indicate increases or decreases in ratio.]
In thymus, we found that 45 out of 55 selected genes had an available gene expression value and 35 of them were DEGs: 3 genes of the Ikaros family zinc finger (IKZ family) are underexpressed, 2 of which with a ratio of 2:3; 2 genes of the KLF transcription factor family are overexpressed and 1 gene is underexpressed with a 2:3 ratio; 8 genes of the metallothionein family are overexpressed, only one with a ratio of 3:2; 2 metal transcription factor genes are dysregulated with a specular ratio of 3:2 and 2:3; PRDM10 has a 2:3 ratio; 3 SLC30 family genes out of 5 are overexpressed, 2 of which with a 3:2 ratio, and 2 gene out of 5 is underexpressed with a 1:2 ratio; 3 genes of the SLC39 genes are overexpressed, 1 of which with a 3:2 ratio and 5 are underexpressed, 2 of which with a 2:3 ratio; BCL6, SOD1 and ZHX3 are overexpressed with a ratio of 3:2; TF is overexpressed (Table 3; Supplementary Table 4B).

Table 3 | List of Differentially Expressed Genes (DEGs) in a pool of thymus cells with trisomy 21 versus a pool of euploid thymus cells (Pelleri et al., 2018).


[image: A table listing genes and their descriptions, chromosomal locations, expression levels in T21 and CTRL conditions, and T21/CTRL ratios. Genes include BCL6, IKZF1-3, KLF10, KLF13, KLF2, MT1A-H, MT1M, MT1X, MT2A, MTF1, MTF2, PRDM10, SLC30A1-5, SLC39A1-9, SOD1, and ZHX3. T21 refers to Trisomy 21, CTRL to control. Markings indicate significant ratios: † for T21/CTRL > 1.3 and ‡ for < 0.76. The table is organized in columns for easy comparison.]
In white blood cells, finally, we found that 41 out of 55 selected genes had an available gene expression value. Only one DEG is underexpressed (IKZF2 gene, 2:3 ratio) and 2 DEGs overexpressed with a ratio of 3:2 (Table 4; Supplementary Table 4C).

Table 4 | List of Differentially Expressed Genes (DEGs) in a pool of white blood cells with trisomy 21 versus a pool of euploid white blood cells (Pelleri et al., 2018).


[image: Table displaying gene expression data for three genes: IKZF2, MT1E, and MT2A. Headers include Gene name, Description, Location, Expression in T21, Expression in CTRL, and T21/CTRL ratio. IKZF2 shows a T21/CTRL ratio of 0.69 (down), MT1E shows 1.57 (up), and MT2A shows 1.35 (up).]
To recap, both thymus and WBC had an overexpression of MT1E gene and MT2A gene and an underexpression of IKZF2 gene while both thymus and of lymphoblastoid cells had an overexpression of MT1G gene, MT1H gene and SOD1 and un underexpression of IKZF3 gene; lymphoblastoid cells and WBC had no DEG in common. None of the selected genes is differentially expressed (> 1.3 or 0.76 in all the three selected transcriptome maps. SOD1 is actually expressed in all the three maps but in the T21/CTRL white blood cell map its expression ratios is 1.29 (thus not in our defined differentially expressed range).





Correlation between zinc level and immunity values in subjects with T21

Zinc values and immunity parameter values were compared in the population with T21. First of all, the influence of age, sex, fasting state and value of zinc transporters (albumin, α2-macroglobulin and transferrin) at the time of blood draw was investigated in order to know if, considering our data, any correlation between zinc levels and immunity state is a simple bivariate or a partial correlation. As shown in Supplementary Tables 5, 6, zinc level, white blood cells (WBC) level and lymphocytes B level are associated with fasting state. We excluded 7 subjects without information on fasting state for the subsequent analyses concerning these metabolites. Lymphocytes B level together with immunoglobulins G (IgG) and immunoglobulins A (IgA) showed a moderate correlation with age at blood drawn, IgG and immunoglobulins M (IgM) are associated with sex and IgG showed a moderate correlation with α2-macroglobulin levels (Supplementary Tables 5, 6).

Later, we searched for a correlation between blood zinc values and immunity state, taking as representative of the latter values of WBC, neutrophils, lymphocytes, monocytes, eosinophils, basophils, values from lymphocytes typing and values of IgG, IgA and IgM.

When a linear correlation was studied, no strong correlation emerged. We found a significant correlation with weak strength in fasting subjects between zinc level and lymphocytes T CD4+ cells (r=-0.244, p=0.043), lymphocytes B cells (r=-0.256, p=0.020) and IgA (r=-0.232, p=0.028) and non-fasting between zinc level and natural killer cells (r=0.244, p=0.015) (Supplementary Table 7A, B).

Furthermore, Chi-squared test was performed, transforming continuous variables into nominal variable “High” and “Low” in relation to the median value. In this analysis we did not find any statistically significant alterations (Supplementary Tables 8A, B).






Discussion

One of the clinical comorbidities of subjects with DS is the alteration of the immune system and zinc is a chemical element known to have an important role in immune response. The first aim of our work was to measure zinc concentration level in our population with T21. Considering the literature, zinc levels in subjects with T21 is lower compared to the general population; this trend is confirmed from the comparison between our population of 216 children with T21 and a control population taken from the previous literature (33). The difference between the two groups is not influenced by sex and it is not limited to a single age group, but it is present for almost the entire duration of the childhood period. This implies an altered zinc metabolism in subjects with T21, which confirms a metabolic alteration. Moreover, the mean ratio between plasma zinc level in T21 and control groups is 0.75, thus with a 2:3 ratio consistent with a chromosomal dosage effect due to the presence of a third chromosome 21. Remarkably, the level of other several metabolites in children with T21 has been found to be consistent with a 3:2 or 2:3 ratio when compared to the normal level (37, 38), supporting a chromosomal dosage effect and indicating that the third chromosome 21 causes specific alterations in several pathways triggering cascades of events in proportion to the dosage of the genes it contains.

We later searched for any difference between general population and T21 population in gene expression in lymphoblastoid cells, thymus and white blood cells, using transcriptome maps from subjects with trisomy 21 and control group subjects available in the literature. The SOD1 gene, located on Hsa21, is found overexpressed in the thymus and lymphoblastoid cell transcriptome maps analyzed in this work, with a consistent expression ratio of 3:2, confirming the previous literature (21, 39). We can speculate that, in subjects with DS, an excess of the transcript and thus protein, may lead to the sequestration of zinc and a subsequent decrease in serum of 2:3 ratio.

The analysis of three transcriptome maps reported the overexpression of the genes encoding for the metallothionein family, a group of small proteins that chelate metal ions through metal-thiolate bonds with cysteine residues and that have a role in cellular zinc homeostasis and metal detoxification. Their expression is induced by metals via multiple metal-responsive elements (MREs) present in the metallothionein gene 5´-regulatory regions. As a gene family, they show developmentally regulated expression patterns and cell-type-specific regulation (40). The increased expression of these genes leads to a higher presence of metallothionein proteins that may cause a sequester inside cells of the circulating zinc. Not all gene expression ratios respect the 3:2 ratio, suggesting that the alteration of these genes is due to a chain of regulatory events.

Concerning the Ikaros zinc finger gene family, we found expression of genes belonging to this gene family in lymphoblastoid and thymus cell lines and for all genes a lower expression was found, with a prevalence of 2:3 gene expression ratio. Ikaros proteins are important for lymphocyte development and other physiological processes. Clinical studies found that genetic alterations in Ikaros genes correlates to a poor outcome in high-risk acute lymphoblastic leukemia (ALL) patients and it was highlighted that the 83.7% of patients with Philadelphia chromosome-carrying ALL had partially or total decrease of IKZF1 gene expression (41). Our results are consistent with a possible alteration of the immune system in subjects with DS (42–44).

Focusing on SLC genes, whose role is to exporting zinc out or sequestrating cytoplasmic zinc into intracellular compartments when cellular zinc levels are elevated (SLC30 proteins) or importing the ion when cellular zinc is depleted (SLC39 proteins), 4 genes of the SLC30 family and 8 genes of the SLC39 family are DEGs. A higher prevalence of overexpressed SLC30 genes and underexpressed SLC39 genes is found. These data, found in the thymus transcriptome map, may suggest that there is an increased intracellular zinc level that could cause a decrease of extracellular zinc concentration.

At least, we searched for possible correlation between zinc levels and immune cell levels also measured in our T21 population. Considering correlation analyses with immunity state parameters, in our data, zinc level seem to not be correlated or associated with immunity data analyzed with few exceptions where strength is considerable as “low”. Our data suggest that zinc level is not associated with the levels of immunity cells or proteins analyzed so the main role of this ion could be played in the alteration of immunity cell function as also previously hypothesized (11).

In addition, zinc levels could also influence other systems that should be analyzed such as thyroid function or cognitive profile (45–47). For these reasons, zinc supplementation should be considered.

The American Academy of Pediatrics suggests a zinc supplementation trial when zinc deficiency is suspected, even though in children the proper daily dose may be difficult to determine, particularly during periods of rapid growth and there is a risk of excessive doses causing copper deficiency. The supplement can be administered as an oral solution of zinc acetate (a dose of 30 mg of zinc acetate in 5 mL of water should usually be adequate). Zinc fortification of food staples may also increase the zinc status of high-risk populations but seems less effective if other micronutrients are added to the food staple in addition to zinc (48).

Concluding, zinc level is confirmed to be lower in subjects with T21 and for the first time, we have demonstrated a 2:3 ratio (compared to the normal level) consistent with a chromosomal dosage effect. In particular, the alteration of some genes’ expression could explain low levels of zinc in blood and high levels of intracellular zinc (23). Future perspectives regarding this topic include increasing the number of trisomic subjects studied and study zinc influence on other systems besides the immune system, such as thyroid or nervous.
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Zinc (Zn) is a vital micronutrient that strengthens the immune system, aids cellular activities, and treats infectious diseases. A deficiency in Zn can lead to an imbalance in the immune system. This imbalance is particularly evident in severe deficiency cases, where there is a high susceptibility to various viral infections, including COVID-19 caused by SARS-CoV-2. This review article examines the nutritional roles of Zn in human health, the maintenance of Zn concentration, and Zn uptake. As Zn is an essential trace element that plays a critical role in the immune system and is necessary for immune cell function and cell signaling, the roles of Zn in the human immune system, immune cells, interleukins, and its role in SARS-CoV-2 infection are further discussed. In summary, this review paper encapsulates the nutritional role of Zn in the human immune system, with the hope of providing specific insights into Zn research.

Keywords
 zinc; nutrition; immune cells; interleukin; COVID-19


1 Introduction

The nutritional importance of trace metal has been known for a long time, but in the last decades its importance in immune modulation has arisen. The nutritional roles of trace metals are significant, not only as constituent components of many metal proteins and metalloenzymes, but also as essential micronutrients (1). They are required for various body functions and the well-being of the immune system (2). Balanced levels of trace metals are essential for maintaining immunity and are crucial in the prevention and management of viral infections (3). Several trace metals, such as Zn, are essential for the normal functioning of the immune system and immune-cell homeostasis. Increasing the Zn concentration can efficiently inhibit virus replication in host cells, thus exhibiting antiviral activity (4). Zn deficiency in humans is an emerging global health issue. Deficiencies of Zn often coexist with infectious diseases and exhibit complex interactions (5). Furthermore, Zn supplementation has shown a positive impact on enhancing immunity in viral infections (6). This trace metal has immunomodulatory functions, influencing the susceptibility, course, and outcome of a variety of viral infections (7). Given the current COVID-19 pandemic, where no effective preventive or curative medicine is available, a healthy immune system is one of our most important defenses.

In recent years, serum trace metal levels have been frequently reported as reliable markers for diagnosing various infectious diseases, such as COVID-19 (8). An exuberant innate immunoinflammatory response is a hallmark of severe COVID-19 with the cytokine storm, hyperinflammation, and multiorgan failure, which are correlated with elevated blood levels of proinflammatory cytokines and chemokines, e.g., IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-17, IFN-γ, and TNF-α (9). SARS-CoV-2 is a pathogenic coronavirus of COVID-19, which caused a pandemic of acute respiratory disease (10). The cellular anti-SARS-CoV-2 response starts from NK cells through cytokine production. Subsequently, T cells destroy infected cells, whereas B cells to produce antibodies (11). The structural or non-structural SARS-CoV-2 proteins can elicit a host immune response. Among them, the S protein of SARS-CoV-2 contains a receptor-binding domain that serves as the critical target for antiviral compounds. B cells elicit an early response against the nucleocapsid protein of SARS-CoV-2, while antibodies against S protein could be detected after 4–8 days from the appearance of initial symptoms (12). This article reviews the nutritional roles of Zn on the immune system and SARS-CoV-2 infections, highlighting the importance of this trace metal in not only optimizing the immune response to infections but also in understanding its role in COVID-19 therapeutic approaches.



2 Zn in human health


2.1 The nutritional roles of Zn in human body

In the adult human body, approximately 2–3 g of Zn is present (13). The reference range for serum Zn concentration in healthy individuals is between 60 and 120 μg/dL, although there may be slight regional or national variations (14, 15). For example, the reference range for Zn concentration in the human body in Bangladesh is 60–120 μg/dL (16), in Japan is ≥80 μg/dL (17), and in U.S. is 80–120 μg/dL (18). In medical testing, serum Zn levels below 60 μg/dL are indicative of inadequate Zn status (19). This inadequate Zn status is associated with a wide variety of systemic disorders, including cardiovascular impairment, musculoskeletal dysfunctions, and oromaxillary diseases (20). The human body requires daily adequate amounts of Zn, which it obtains from food or supplements. The jejunum and ileum are the primary organs for Zn absorption (Figure 1). Approximately 25–66% of consumed Zn is absorbed from the jejunum and ileum, and then distributed throughout the body (in tissues, cells, and fluids). The distribution of Zn varies across different tissues within the human body (21). The highest content of Zn is found in skeletal muscles (57%), bones (29%), and skin (6%) (22). Over 95% of total body Zn is present in the intracellular compartments, bound to intracellular proteins and cell membranes (Figure 1) (23).
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FIGURE 1
 Zinc uptake and absorption.


Zn plays a crucial role in various processes within the human body, functioning in two states: Zn-finger transcription factors and Zn enzymes. It is involved in the synthesis of numerous proteins, as all Zn-finger transcription factors require Zn for gene expression regulation (24). Additionally, Zn serves as an activator for more than 300 Zn enzymes and participates in all biochemical reactions dependent on these enzymes (25). These reactions encompass growth, development, neurological behavior, immune system functionality, catalytic functions, acceleration of chemical reactions, modulation of neuronal communication, maintenance of cell membrane integrity and tissue balance, protein and DNA synthesis, wound healing, and cell signaling and division (26, 27). Zn also possesses antioxidant and anti-inflammatory properties that prevent damage to cells (28). Clinically, Zn supplementation is used for treating several infectious diseases, such as diarrhea, malaria, and COVID-19 (29). Of particular interest to many researchers is the fact that Zn is a nutrient required for maintaining a healthy sense of taste and smell (30).



2.2 Maintenance of Zn concentration in human body

Zn homeostasis is primarily maintained through the gastrointestinal system, which manages the absorption of exogenous Zn and the excretion of endogenous Zn (31). The primary site for the absorption of exogenous Zn in humans is believed to be the proximal small bowel, specifically the distal duodenum or proximal jejunum (32). The absorption of Zn involves several steps. In the stomach, the strong acidic pH liberates Zn from salts, converting it into an ionic form. These Zn ions then travel to the small intestine. At the intestinal brush border membrane, Zn is absorbed from the lumen into the enterocytes. The Zn is then excreted at the basolateral side of the enterocytes, releasing Zn ions into the portal blood, which distributes the ions throughout the body (33, 34). To maintain homeostatic balance in the body, Zn is excreted or eliminated through the kidneys, skin, and intestines when necessary (35). After circulating in the body, Zn is excreted into the small intestinal lumen along with pancreatic secretions and bile (36). Most of the Zn is reabsorbed by the duodenum and proximal jejunum, and the remaining portion is excreted in the feces (37). A significant source of fecal Zn is the pancreatic and biliary secretion of Zn-containing enzymes (38). In addition to inadequate consumption of Zn, reduced intestinal absorption is a common cause of Zn inadequacy (39). The amount of Zn excreted in the feces can vary between 0.8 and 2.7 mg per day. The daily urinary Zn excretion is approximately 0.5 mg.

Certain food-derived compounds, such as Phytic acid and Casein, can interfere with the absorption of Zn. Phytic acid, a unique natural substance found in plant seeds (present in cereals, corn, and rice), can bind to certain dietary minerals including Iron, Zn, Manganese, and to a lesser extent, Calcium (40). This binding can slow their absorption from consumed meals (41). Casein, which makes up about 80% of the total protein in cow’s milk, also exerts a modest inhibitory effect on Zn absorption (42, 43). Therefore, the consumption of cow’s milk can potentially lead to Zn deficiency. The binding of Zn to casein is pH-dependent. At slightly alkaline pH, 1 mg of casein binds 8.4 μg of Zn (44). In addition, some trace elements also affect the absorption of Zn. For instance, iron supplementation can negatively influence Zn absorption. Supplements containing 25 mg of iron or more can reduce Zn absorption and plasma Zn concentrations. This is because Zn and Iron, both positively charged ions, compete with each other for intestinal absorption (45).

Copper and Zn are antagonists, competing for the GABA (A) receptor sites in the body (46). This implies that an excess of either mineral can cause and mask a deficiency of the other. High dietary Zn intakes depress copper absorption, increase copper sequestration in the mucosal cell bound to metallothioneins, and increase fecal excretion of copper (46). Conversely, Zn-deficient animals have shown increased copper absorption, and high dietary copper can depress Zn absorption (47). According to research, the ideal Zn to copper ratio is between 8:1 and 15:1 (48). Maintaining this ratio is crucial for good health and various physiological functions. An excess of copper, coupled with a lack of Zn, may predispose an individual to oxidative stress and trigger the inflammatory process (49). Disruption of this balance can lead to several health conditions. For instance, copper toxicity can cause symptoms such as diarrhea, headaches, and in severe cases, kidney failure (50). On the other hand, Zn deficiency can result in growth retardation, hypogonadism, immune dysfunction, and cognitive impairment (51).

Zn plays a crucial role in the absorption of certain vitamins. It facilitates the absorption of vitamin A, vitamin E, and folate1 (52). Zn is a component of the retinol-binding protein, which is necessary for transporting vitamin A in the blood (53). Additionally, Zn is required for the enzyme that converts retinol (vitamin A) to retina (54). The exact mechanism by which a deficiency in Zn affects the absorption of vitamin E and folate is not entirely clear. However, it is known to involve the loss of Zn enzyme function. Special attention should be given to the balance of intracellular and extracellular Zn concentrations. Cellular Zn homeostasis is primarily maintained by the Zn importers family, ZnT (SLC30), which allows Zn to accumulate in the cytosol, and by the Zn exporters’ family, ZIP (SLC39) (55). The main controllers of intracellular Zn concentration are the ZnT importers, ZIP exporters, and intracellular binding proteins known as metallothioneins (55).



2.3 Zn uptake in human

The recommended daily intake of Zn varies across countries. The World Health Organization (WHO) recommends a dietary Zn intake of 9.8 mg/day for women and 14 mg/day for men, both aged between 19 and 65 years (56). In the U.S., the current recommended daily value (DV) for Zn is 8 mg for women and 11 mg for adult men (57). The requirements increase slightly during pregnancy and lactation. In the UK, the reference nutrient intake is 4–7 mg/d for females and 5.5–9.5 mg/d for males (Food Standards Agency) (58). In Australia, the current Recommended Dietary Intake (RDI) for Zn is 14 mg/day for men and 8 mg/day for women (19+ years), with an upper limit of 40 mg/day (59). In Germany, the recommended intake values for Zn range from 7 mg/day to 16 mg/day for adults, including pregnant and lactating women, depending on sex and dietary phytate intake (60). The Ministry of Health, Labor and Welfare in Japan recommends a standard Zn intake of 10 mg per day for men and 8 mg per day for women (61). According to the Chinese dietary guidelines, the recommended daily Zn intake for adults over 18 years old is 7.5 mg for women and 12.5 mg for men, with tolerable upper intake levels of 40 mg (62).

A Zn deficiency can lead to small stature, mild anemia, and impaired wound healing. Good sources of Zn are meats, whole grains, and legumes. The Recommended Dietary Allowance (RDA) is 8 mg/d for women and 11 mg/d for adult men (63). The amount of Zn provided by the U.S. food supply has varied between 11 and 13 mg/day/person since the beginning of the 20 century. Currently, it is estimated that the U.S. food supply provides 12.3 mg Zn per person per day (64). While red meat is a particularly good source, all kinds of meat, including beef, lamb, and pork, contain Zn (65). According to the information provided by U.S. Department of Agriculture,1 a 100-gram (3.5-ounce) serving of raw ground beef contains 4.79 mg of Zn. This is approximately 44% of the DV for males and 60% of the DV for females. Shellfish are healthy, low-calorie sources of Zn. Oysters, in particular, contain high amounts, with six medium oysters providing 33 mg, or 300% of the DV for males and 413% of the DV for females. Legumes, such as chickpeas, lentils, and beans, contain substantial amounts of Zn. Table 1 lists the 10 foods with the highest Zn content.



TABLE 1 The top 10 foods with the highest zinc content.
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3 Zn and immunity


3.1 Zn play a central role in the immune system

Zn is a member of the transition metals family, characterized by low ionization energies and a broad spectrum of oxidation states, or positively charged forms (66). It plays a significant role in regulating cytokine expression and suppressing inflammation. Zn is necessary for the activation of antioxidant enzymes that scavenge reactive oxygen species (ROS), thereby reducing oxidative stress (67). Dysregulated Zn homeostasis can impair overall immune function, leading to increased susceptibility to infection (68). Zn has several mechanisms for combating pathogens. In the body, Zn generally exists as positively charged ions. These Zn ions act as chemo-attractants, drawing in pathogens for phagocytosis and killing them through the production of ROS (69). One such mechanism involves Zn oxide nanoparticles, which induce the generation of abundant ROS, including singlet oxygen species (1O2), within cells. An elevated level of ROS triggers an antioxidant cellular response and mitochondrial dysfunctions (70). Interestingly, researchers have discovered that Zn can ‘starve’ Streptococcus pneumoniae by inhibiting their uptake of manganese, a metal essential for the protein transporter that Streptococcus pneumoniae requires to invade and cause disease in humans (71).

Zn plays a vital role in many immune processes as a catalyst, structural element, and regulatory ion (72). The immune system, being highly proliferative, is particularly susceptible to Zn deficiency (73). Here’s a summary of how Zn impacts the immune system: (1) Zn helps control infections by moderating the immune response, thus preventing inflammation that can be damaging and even deadly (74); (2) Zn is essential for the development of a specialized type of immune cell and stimulates a critical immune organ to regenerate after damage (75); (3) Zn is necessary for immune cell function and cell signaling. A deficiency can lead to a weakened immune response (76). For instance, Zn is crucial for the normal development and function of cells mediating innate immunity, such as neutrophils and natural killer cells (77). Zn is also required for DNA synthesis, RNA transcription, cell division, and cell activation (78). In the absence of adequate levels of Zn, programmed cell death (apoptosis) is potentiated (79).



3.2 Zn is necessary for the normal function of the immune cells

Zn boosts the immune system and combats viruses by enhancing the actions of immune cells such as Neutrophils, B cells, NK cells, and T cells (80). Neutrophils, a type of white blood cell, aid the body in fighting off infections by engulfing and destroying invading pathogens (81). Zn plays a pivotal role in the development and activation of neutrophils (82). A study has shown that Zn deficiency leads to increased neutrophil transmigration and impairs the ability of neutrophils to phagocytose and produce ROS (83). Research also indicates that Zn supplementation can help reduce neutrophil recruitment and activity, thereby helping to prevent lung injury (84). B cells are antigen-presenting cells that produce antibodies and cytokines, represent immunological memory, and even appear to have regulatory and suppressing functions in inflammation (85). Significantly elevated Zn levels have been observed in activated B cells (86). Existing research confirms that Zn deficiency leads to a reduction in B cells, affecting the development of immature and pre-mature B cells and impacting antibody production (87). Low levels of cytoplasmic Zn in deficient B cells were associated with reduced cell signaling during crucial stages in B cell development (88). Zn also modulates the response of NK cells, with a decreased recognition and stimulation of their MHC-class I expression (89). Furthermore, Zn supplementation increases the differentiation of CD34+ cells toward NK cells as well as their cytotoxicity (Figure 2) (90).
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FIGURE 2
 The effect of zinc on immune cells.


T cells, a crucial type of white blood cells, play a central role in the adaptive immune response (91). The impact of Zn on T cells has been confirmed experimentally. Individuals with low Zn levels have few, if any, T cells to fight infections. This may be because Zn deficiency leads to thymic atrophy and subsequent T-cell lymphopenia (92). Moreover, Zn deficiency negatively affects the growth and function of T cells and various aspects of innate and adaptive immunity, including T cell lymphopoiesis and antibody-mediated immune defense (93). Animal studies have also corroborated this conclusion. It has been demonstrated that Zn enhances the regeneration of the thymus in mice, the organ where T cells develop, and aids in immune-cell recovery post bone marrow transplant (94). According to a study, a lack of Zn during T cell maturation results in a 50% reduction in the transition from “potential” pre-T-cells to “effective” T cells. This is associated with an increased apoptosis of pre-T-cells (Figure 2) (95). Some researchers hypothesize that Zn interacts with protein kinase C and the lymphocyte protein tyrosine kinase. The dysfunction of these two kinases, which are involved in mature T-cell activation, is a reason that Zn deficiency leads to a reduced T cell count (96). Similarly, Zn deficiency results in a decreased ratio of type 1 to type 2 T-helper cells, with reduced production of T-helper type 1 cytokines like interferon-gamma (IFNG), and compromised T-cell mediated immune defense (97). Zn supplementation has been shown to enhance immunity and effectively downregulate chronic inflammatory responses (98).



3.3 Zn is involved in the regulation of immune reaction


3.3.1 The impact of Zn on immune responses in cell lines

One of the important functions of Zn ions is to serve as second messengers. They act as intracellular signaling molecules, capable of communicating between cells, converting extracellular signals to intracellular ones, and regulating the activation of interleukins (99). Zn can induce monocytes to produce pro-inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-8 (IL-8) (100). The IL-1 family, a group of 11 cytokines, plays a central role in the regulation of immune and inflammatory responses to infections (101). Zn has been found to reduce IL-1 dependent T cell stimulation by inhibiting the IL-1 receptor-associated kinase-1 (102). IL-1β is a major cytokine involved in monocyte activation and the activation of proinflammatory signaling pathways (103). Cytoplasmic Zn promotes IL-1β production and subsequently inhibits inflammation, depending on the transcription factor NF-κB, an inflammatory activating factor (104). However, a previous study has shown that Zn depletion in macrophages induces the activation of proteases that cleave pro-IL-1β, leading to an increased release of active IL-1β (105). These studies suggest a complex correlation between Zn and IL-1.

Interleukin-2 (IL-2), which is produced by T cells during an immune response, is essential for the growth, proliferation, and differentiation of naive T cells into effector T cells (106). The level of Zn has a positive correlation with IL-2. Zn enhances the proliferation of T cells in response to IL-2, as well as the production of IL-2 by T cells (107). A previous study evaluated the circulating cytokines and Zn status, showing that reduced circulating Zn correlates with increased levels of IL-6 and IL-8 (108). The proliferative response of T and B lymphocytes following IL-6 and IL-8 stimulation increases in Zn deficiency, while it adversely influences IL-4 signaling, leading to an impairment of the immune system (109). Research has found that Zn deficiency decreases the production of TH1 cytokines (IFN-γ, IL-2, and TNF-α), whereas the TH2 response (IL-4, IL-6, and IL-10) is less affected. This results in an imbalance between TH1 and TH2 subsets, which is restored when Zn reaches physiological levels (110). The proinflammatory TH17 cells are also negatively affected by Zn deficiency. The development of TH17 cells is critically controlled by IL-6-induced STAT3 activation during chronic inflammation (111). Zn suppresses TH17 development by attenuating this activation (112).



3.3.2 Impact of Zn on immune responses in animal and human studies

The effects of Zn on animals are diverse and significant. One study conducted on swine discovered that dietary supplementation of Zn in an organic form influenced the expression of inflammatory molecules within the intestine. This organic form of Zn resulted in a reduced level of the pro-inflammatory cytokine IL-18. This finding suggests that organic Zn sources could enhance the health and immune response of animals under stress by altering gene expression in the intestine (113). Another study explored the impact of Zn deficiency in rats. The researchers found that a lack of Zn exacerbated the inflammatory response, leading to hemolytic anemia and splenomegaly. Notably, the administration of IL-4 and Zn supplementation were found to reverse the hemolytic anemia and splenomegaly induced by Zn deficiency (114). In a separate study using a mouse model of allergic inflammation, it was found that Zn exhibited anti-inflammatory effects (115).

Zn deficiency has a broad impact on human health, leading to dysfunctions in both innate and adaptive immunity. This can result in diminished lytic activity, impaired signaling, altered cytokine production, and reduced proliferation. Consequently, individuals deficient in Zn are more susceptible to infectious diseases (72). Zn supplementation in the elderly has been found to decrease the incidence of infections, reduce oxidative stress, and lower the generation of inflammatory cytokines (116). A sensitivity analysis revealed that Zn supplementation decreases IL-6 levels and increases IL-2 levels (117). In an experimental model of human Zn deficiency, there was a reported decrease in thymulin activity in Th1 cells, a reduction in IL-2 and IFN-gamma genes, and diminished activity of natural killer cells (NK) and T cytotoxic T cells (118). These findings underscore the vital role of Zn in regulating interleukin expression and immune function. However, the exact mechanisms and pathways involved are complex and may vary depending on the specific context and conditions.





4 The potential role of Zn in preventing COVID-19


4.1 Clinical study of Zn in the treatment of COVID-19

Clinically, COVID-19 patients have shown an imbalance in Zn levels. Low Zn levels appear to be common in these patients (119). In a previous study, all COVID-19 patients (33 out of 33) were found to be Zn deficient, with a mean serum level of 6.9 ± 1.1 μmoL/L, which is well below the Zn deficiency cutoff value of 10.7 μmoL/L (120). This Zn deficiency observed in COVID-19 patients may be an acute phase reaction to SARS-CoV-2 infection (121). Compared to other interventions, those who received a combination of Zn and vitamin C were found to mount a greater antibody response. This suggests that oral Zn and vitamin C treatment could stimulate antibody production following SARS-CoV-2 infection (122). Zn therapy is considered logical in COVID-19 due to the inhibitory effect of Zn on viral replication (123). A study found that the combination of doxycycline and Zn has a protective effect in COVID-19 patients (124). Interestingly, Zn therapy plays a significant role in shortening the duration of smell recovery in these patients (125). It’s important to note that administering high-dose Zn appears to be safe, feasible, and associated with minimal peripheral infusion site irritation in COVID-19 patients (126).

Although case studies may not hold the same universal significance as group studies, they offer specific parameters, treatment plans, and treatment outcomes, which make them quite intriguing. Elanjian et al. reported three cases of COVID-19 patients who received Zn supplementation, with experiencing hypoglycemia (127). Rosenberg et al. reported a case of copper deficiency, which was caused by Zn supplementation in the context of COVID-19. This deficiency presented very similarly to myelodysplastic syndrome (128). Farolfi et al. reported a case of a 98-year-old patient who received vitamin D and adjuvant dietary supplements (quercetin, vitamin C, Zn, and vitamin K2) at home. The patient fully recovered, suggesting that careful home assistance under strict medical supervision can be successful, even in very old subjects with comorbidities (129). Ahmed et al. reported a case of a 48-year-old Hispanic female patient with COVID-19, who presented with severe isolated thrombocytopenia. She was treated with intravenous immunoglobulin, prednisone, rituximab, vitamin C, and Zn, and achieving hemodynamic stability (130).



4.2 Mechanism of Zn treatment for COVID-19

Multiple pieces of evidence indicate that Zn plays a significant role in the treatment of patients with COVID-19 and a deficiency in Zn is associated with increased severity of COVID-19. However, the exact mechanism by which Zn inhibits the virus, particularly SARS-CoV-2, remains unclear. We propose the following mechanisms: (1) Zn is known to impair the replication of several RNA viruses including poliovirus, influenza virus, and SARS-CoV-2, by inhibiting the main protease, which is crucial for the virus’s replication (131); (2) Zn is an essential trace element with potent immunoregulatory and antiviral properties (132). This suggests that Zn could inhibit inflammation and alleviate oxidative stress by inducing the aforementioned interleukin. (3) Zn is used by SARS-CoV-2 as an essential step in preparation for entering and invading cells. It latches onto the exterior of potential host cells. During this process, Zn is strongly implicated in inhibiting the virus’s binding to angiotensin-converting enzyme-2 (ACE2) receptors on the cell membrane, thus mitigating the attack by those virus particles that do manage to enter host cells (133). Supplemental Zn could replenish Zn in ACE2, stabilize the ACE2 axis, and prevent disruption of the renin-angiotensin system (134). Moreover, Zn minimizes the activity of Sirtuin-1 (SIRT-1), which regulates ACE-2 expression and could potentially block virus entry (135).




5 Conclusion

This review article explores the multifaceted roles of Zn in immune system functions. The dynamic equilibrium of Zn in the human body is crucial for maintaining normal immune cell function and response by inducing monocytes to produce pro-inflammatory cytokines. Given its significant role in the immune system, Zn has demonstrated positive effects and potential therapeutic benefits in the treatment of COVID-19. However, current research on the function of Zn in the immune system and its therapeutic impact on viral infections remains somewhat superficial. These research primary focus on the changes in Zn concentration in virus-infected patients, the correlation between Zn and pro-inflammatory cytokines, or the role of Zn in inhibiting virus replication or preventing virus entry into cells. Zn, serving as a structural or catalytic cofactor, fulfills various biological functions through Zn enzymes or Zn finger proteins. For instance, our recent research discovered that the Zn finger protein ZBTB34 can bind to telomere DNA, regulate telomere length, and is associated with the onset of liver cancer (136, 137). The biological functions of Zn in the immune system, such as stimulating the expression of pro-inflammatory cytokine genes, are achieved through these Zn enzymes and finger proteins. Regrettably, the functions of over 300 Zn enzymes and hundreds of Zn finger proteins are not well-understood at present. Future research should prioritize the study of Zn enzymes and Zn finger proteins, which will undoubtedly unveil more biological functions of Zn in the immune system.
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Having increased popularity during the Covid-19 pandemic, vitamin D3 is currently impressing thanks to the numerous researches aimed at its interactions with the body’s homeostasis. At the same time, there is a peak in terms of recommendations for supplementation with it. Some of the studies focus on the link between autoimmune diseases and nutritional deficiencies, especially vitamin D3. Since the specialized literature aimed at children (patients between 0-18 years old) is far from equal to the informational diversity of the adult-centered branch, this review aims to bring up to date the relationship between the microbial and nutritional balance and the activity of pediatric systemic lupus erythematosus (pSLE). The desired practical purpose resides in a better understanding and an adequate, individualized management of the affected persons to reduce morbidity. The center of the summary is to establish the impact of hypovitaminosis D in the development and evolution of pediatric lupus erythematosus. We will address aspects related to the two entities of the impact played by vitamin D3 in the pathophysiological cascade of lupus, but also the risk of toxicity and its effects when the deficiency is over supplemented (hypervitaminosis D). We will debate the relationship of hypovitaminosis D with the modulation of immune function, the potentiation of inflammatory processes, the increase of oxidative stress, the perfusion of cognitive brain areas, the seasonal incidence of SLE and its severity. Finally, we review current knowledge, post-pandemic, regarding the hypovitaminosis D – pSLE relationship.




Keywords: pediatric systemic lupus erythematosus, vitamin D, innate immunity, adaptive immunity, diet, microbiota, individualized therapy




1 Introduction

Pediatric systemic lupus erythematosus (pSLE) is an autoimmune condition, which gathers under its umbrella multiple pathognomonic clinical and paraclinical disturbances. It has a still incompletely elucidated pathogenesis, based on environmental, hormonal and genetic sensitization factors. Pediatric systemic lupus erythematosus broadly follows the diagnostic and management criteria found in adults. The difference between the two lies in the aggressiveness of symptoms among children and adolescents compared to adults. Also, atypical forms of pSLE can be registered, burdened by a severe prognosis, when the onset is under 5 years of age (1, 2). At the immunological level, it is characterized by the production of autoantibodies, the activation of the complement system and immune deposits. Genetically, up to 7% of pSLE patients are estimated to have monogenic disorders, while in the remainder of the affected population genetic variability overlaps with additional environmental factors (2).

Recent controversies regarding the management possibilities of systemic lupus erythematosus (SLE) concern tolerogenic drugs. Among these we mention the lupuzor. Its biochemical component is represented by a small fragment of phosphorylated ribonucleoprotein in the 140-serine position. In the immunological dynamics of SLE, it seems that lupuzor favors the expansion of regulatory T cells to the detriment of effector ones. As a result, the lupuzor restores tolerance to nuclear autoantigens (3). A similar effect is observed in the case of vitamin D3 deficiency correction. Vitamin D3 deficiency has been linked to increased C-reactive protein (CRP), hyperlipidemia, insulin resistance, blood flow changes, and atherosclerosis. Correction of hypovitaminosis may also reduce cardiovascular risk and SLE activity. However, caution is required because of the risk of worsening lupus nephritis (3–5). Vitamin D3 is part of the group of fat-soluble secosteroid vitamins, having numerous implications in the body, among which we mention its role in cell growth, phospho-calcium balance, neuro-muscular activity and immunity. It is found in low quantities in patients with SLE despite exposure to the sun throughout the year. In this sense, it performs its function by reducing phagocytosis and the activity of the major histocompatibility complex, in parallel with favoring the maturation of natural killer cells intended to balance the balance of immune tolerance (4, 6, 7).

Analyzing the specialized literature from the last decade, we found a strong correlation and an increased interest in studying the microbial balance, nutritional components and how they are reflected in dictating the appearance or evolution of various systemic pathologies. Considering our scientific orientation towards pediatrics, induced by its current practice, we considered it appropriate to carry out a narrative review using international databases to identify relevant articles related to the impact of intestinal dysbiosis and nutritional imbalances among children with systemic lupus erythematosus. Searches focused on words and key phrases commonly used to describe pSLE, nutritional deficiencies, and their main lines of support and treatment (e.g., pediatric systemic lupus erythematosus, autoimmune disease, disease of a thousand girls, nutritional disorders, poor diet, dysbiosis, paraclinical disorders, adjuvant means). We have added to these terms useful in finding information about SLE pathogenesis and shadow pathophysiological mechanisms (e.g., autoimmunity, risk factors, innate immunity, adaptive immunity, systemic inflammation, dendritic cells, intestinal permeability, bacterial translocation, dysbiosis). The crossroads of the searches coincided with the impact of hypovitaminosis D during the pandemic for pSLE patients.

The main objectives of the work were the dissemination of general knowledge regarding the factors that predispose to increase the susceptibility to develop pSLE. To these is added the desire to deepen the main links between the patho-physiological mechanisms of the disease. The desired practical purpose resides in a better understanding and an adequate, individualized management of the affected persons. We focus on both the acute episode and the disease-free interval in order to reduce morbidity, especially in the pediatric population known as a vulnerable population.




2 Epidemiology

It is estimated that, of the total number of SLE cases encountered globally, pSLE represents approximately 15-20%. The average age of diagnosis is 12 years, the gender ratio remains between 2.3-9:1 in favor of girls (1). Regarding the incidence and prevalence of the pathology, they are between 0.36-2.5, respectively 1.89-34.1 per 100,000. The mortality rate reported in comparison with the general population is increased among patients with SLE, reaching up to three times in the case of those with pSLE (2). The genetic predisposition towards the development of the condition is argued by the existence of a concordance of 25% in monozygotic twin pairs, compared to 2% in dizygotic ones (8).

Ethnic variability is well represented within this pathology, with the reported frequency being high in Asians, African Americans, Hispanics and native Americans. The literature notes a more typical presentation, accompanied by a more pronounced impairment of renal function and an increased therapeutic need, among minority populations (e.g., black subjects from Africa/Caribbean), compared to Caucasians (2, 9). The risk of progression of cutaneous lupus in the form of systemic damage is also recorded, ranging between 0-31% among children (as opposed to adults where the percentage increases up to 42%). The risk factors that can anticipate this outcome are the positivity of antinuclear antibodies, hematological abnormalities and a high diagnostic score at the time of the initial evaluation (10).

Despite the decreasing incidence of diseases that directly target 25-hydroxyvitamin D (25(OH)D) deficiency, such as rickets and osteomalacia, its values remain below the normal threshold in approximately 1 billion people. In percentage reports, it is estimated that approximately 40% of the European population has 25(OH)D deficiency/insufficiency (< 30 ng/ml). 13% of them fall within the severe deficiency limits (< 12 ng/ml). The risk factors that lead to the disruption of their metabolism are represented by insufficient exposure to sunlight, inadequate food sources, malabsorption caused by gastrointestinal diseases or, more recently, obesity. The latter seems to influence the serum level of 25(OH)D by sequestering it in the adipose mass (7, 11, 12). The effects of 25(OH)D deficiency can be felt from early childhood and can affect all stages of life. A brief list of pathologies in which calcifediol plays an important role can be opened with the well-known rickets, osteomalacia, osteoporosis and culminating with intrauterine growth restrictions, musculoskeletal, cardiovascular, neuro-degenerative, autoimmune, diabetes or gestational diabetes, fertility, preeclampsia or even cell proliferation and malignancies (13). Although it is not a universal panacea, supplementing 25(OH)D deficiencies can be effective where they exist, studies in the literature demonstrating the correlation between its low level and proteinuria, with the detection of vitamin D3 binding protein in the urine among patients with SLE (14).




3 General considerations regarding bioclinical aspects suggestive of pSLE

In order to optimally frame and evaluate patients with SLE, Table 1 summarizes the main lines of diagnosis and classification of the pathology according to the degree of involvement. Massias JS. et al. points out that the clinical-biological parameters and the severity of the condition are inconstant in different age groups, respectively the pre- (≤7) and peripubertal (8-13) and adolescent (14-18) periods (17). However, the main difference is between lupus in adults and the pediatric form. Here, the juvenile form exhibits greater disease activity, thus causing aggression and an increased pharmacological burden. Clinically, the main concerns are increased morbidity and mortality (partially drug-induced), a more florid skin manifestation at the time of diagnosis and more severe organ damage. Among the affected systems, we preferentially retain the cardio-vascular, neurological and renal systems (2).

Table 1 | Clinical-biological parameters and severity in SLE (adapted from Levy DM. et al., Trindade VC. et al. and Fava A. et al.) (9, 15, 16).


[image: A chart detailing clinical, biological parameters, and severity score for assessing lupus. Clinical parameters include symptoms like fever, malar rash, and neurological damage. Biological parameters cover kidney damage, hematological impairment, and immunological disorders. The severity score reflects disease activity and recommends annual evaluation.]
The main diagnostic criteria in pSLE are therefore based on the well-known Systemic Lupus International Collaborating Clinics (SLICC) criteria, used among adults. Referral to the specialist is recommended when we encounter the coexistence of two SLICC criteria, doubled by the positivity of antinuclear antibody (ANA) antibodies. Alternatively, it can be discussed when there is a SLICC criterion, a clinical criterion and positive ANA antibodies (18). The SLICC criteria include clinical (malar or discoid eruption, photosensitivity, oral ulcers, non-scarring alopecia), biological (anemia, lymphopenia, thrombocytopenia, leukocytosis, low complement C3 and C4 fractions, antiphospholipid antibodies, ANA, anti-double-stranded deoxyribonucleic acid antibodies [anti-dsDNA] and anti- anti-Smith (SM) positive) and systemic manifestations (arthritis, serositis, renal/neurological lesions) (19).

In addition to the cardio-pulmonary investigations, we must take into account the evaluation of the neuro-psychic and renal function. In this sense, we can use the objective clinical examination, lumbar puncture with cerebrospinal fluid analysis, electroencephalogram, ophthalmological consultation, nerve conduction study or magnetic resonance imaging. The goal is to rule out an intracranial infection or neurocognitive impairment, conditions that can be frequently associated with seizures or psychosis (18, 20). Pathognomonic for kidney damage is proteinuria. This must be differentiated from orthostatic proteinuria. The objective of proteinuria, doubled by the change in the glomerular filtration rate, requires the consideration of a diagnostic renal biopsy (21). Besides these, lupus nephropathy is frequently accompanied by dyslipidemia (increase in total cholesterol, triglycerides and low/very low-density lipoproteins). Therefore, we emphasize the need for appropriate follow-up and management of lipid disorders in pediatric age (22). Next, Figure 1 brings together the most important directions in the understanding, diagnosis and management of pSLE, from the perspective of vitamin D3.
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Figure 1 | Main perspectives in the vitamin D - pSLE interrelationship.




4 Pathogenesis of pSLE from the perspective of hypovitaminosis D

Located on the boundary between a fat-soluble vitamin and a hormone, vitamin D, included in the class called “calciferols”, is found in the body in various forms, depending on the stage of metabolism. In order of absorption, we list ergocalciferol (vitamin D2 – supplements and fortified foods), cholecalciferol (vitamin D3 – the main food form) and, above the latter, 25(OH)D – main metabolite produced in the liver (23). Food sources rich in vitamin D3 are fatty fish (salmon, tuna, sardines, swordfish), cod liver oil, egg yolks, mushrooms, beef liver and fortified foods (cereals, milk, cheese) (7). Randomized studies place the optimal dose of supplementation among children and adolescents as being between 10-50 μg/day, this representing the interval in which maximum benefits are obtained (promotion of bone health), with minimal risks of harmful effects (24). Regarding the conversion potential of additional vitamin D3 intake, it is estimated that 100 IU has the ability to increase serum 25(OH)D by 1 ng/ml (2,5 nmol/l) (25).

As we stated previously, the source of vitamin D3 can be found in the body’s own production, at the skin level, under the influence of ultraviolet light type B (UV-B) or in exogenous, dietary intake. In the first situation, under the influence of UV-B rays, pro-vitamin D3 located in the plasma membrane of epithelial cells is converted to pre-vitamin D3 and then to vitamin D3. The latter passes into the extracellular space, where it binds to the binding protein, being transported to the liver for the purpose of its hydroxylation to 25(OH)D, the final metabolism product of this pathway. It is estimated that exposure in a bathing suit for about 15 minutes in the sun, in the middle of summer, can lead to the production of 10,000 to 20,000 IU of vitamin D3 in the case of fair-skinned people (7, 25). Regarding the exogenous intake, vitamin D3 undergoes a double hydroxylation process. After intestinal absorption and transport to the liver, the first stage of metabolism carried out under the control of cytochrome P450 2 R1 (Cyp2R1), the resulting form (25(OH)D) continues its course linked to the binding protein to the kidneys, where it undergoes a new process of hydroxylation regulated by Cyp27B1, reaching the form 1,25-dihydroxyvitamin D (1,25(OH)2D). 1,25(OH)2D is the most active form of vitamin D3, being found in all cells with specific receptors. The disadvantage of dosing this form lies in the reduced half-life in the absence of an alteration of renal function, an aspect that interferes with the optimal assessment of the nutritional status. In this sense, the dosage of the 25(OH)D form is encouraged, which has a longer half-life and thus a more accurate correlation with the actual level in the body (7, 13, 26).

The toxicity of vitamin D3 has been intensively studied over the years, both in animal models and through anecdotal studies. Currently, the metabolite responsible for the development of toxicity is not known exactly, with all of this emphasizing the importance of maintaining 25(OH)D values below the upper limit of the normal range (250 nmol/L), although clinical symptoms appear at values above 750 nmol/L (27). Another cause of toxicity is represented by the excessive production of 1,25(OH)2D (granulomatous diseases, lymphomas) or its reduced degradation in idiopathic infantile hypercalcemia. Whatever the cause, it is vital to distinguish the signs of hypervitaminosis, namely confusion, apathy, recurrent vomiting, abdominal pain, polyuria, polydipsia and dehydration (28).

The involvement of vitamin D3 in intracellular signaling is well known. This function can modulate the innate immune response, an aspect encountered in various pathologies, among which we mention autoimmune diseases precipitated by exogenous factors, respiratory diseases (e.g., tuberculosis) or others. Thus, it seems that monocytes bind the stain antigen to a toll-type receptor, in a manner dependent on the concentration of 25(OH)D, ultimately leading to the initiation of a cascade with a role in defense. The genes involved in this pathogenic cascade are 1α hydroxylase (Cyp27) and the vitamin D3 receptor (VDR), their activity being linked to the level of 25(OH)D (29). In this sense, we consider it important to discuss the correlation between the level of magnesium and the results of the dosages of the three forms of vitamin D. This interaction can be partially explained by the hypothesis of magnesium dependence as an enzymatic cofactor in synthesizing and metabolizing vitamin D3 (30). In the case of autoimmunity, vitamin D3 exerts its function through the 1α-hydroxylase activation enzyme and VDR receptors, located on the surface of all cells of the immune system (dendritic cells, macrophages, T and B cells). The result is the suppression of inflammation by inhibiting the proliferation of activated B cells, the decrease of memory B cells and immunoglobulin, doubled by the promotion of regulatory T cells. This mechanism may represent the correlation between vitamin D3 deficiency and SLE. Its action on dendritic cells alters the metabolic profile through intracellular signaling. A tolerogenic phenotype characterized by inhibiting the maturation and activation of dendritic cells is therefore induced, stimulating the secretion of interleukins (IL) -10 with an anti-inflammatory role. At the same time, there is a stimulation of the production of regulatory T cells and a suppression of interferon (IFN) - alpha, IL-12, IL-23 and T helper lymphocytes (Th) 1, 17 and 21 (13, 26, 31–33). It is also worth mentioning the possible polymorphism registered in the case of VDR receptors, which may present a causal association with the increase in the incidence of autoimmune diseases (34). The relationship between the intestinal microbiome and multiple systemic pathologies such as atopy (asthma), autoimmunity (SLE, celiac disease) or even post-infectious irritable bowel syndrome is well known. In the case of SLE, the presence of autoimmunity is marked at the intestinal level mainly by a low Firmicutes - Bacteroidetes ratio, together with an increase in Prevotella, Rhodococcus, Eggerthella and Klebsiella (35–39). Vitamin D3 also exerts effects on the integrity of the intestinal barrier, the bacterial translocation capacity and the microbial balance, thus revealing another way through which it can mediate interactions with the host’s immune system, imprinting the pathogenesis of SLE (35).

Thus, bringing together the specified data with those regarding aspects related to vitamin D3, we come to the conclusion that the pathogenesis of SLE is multifactorial. Individual, non-modifiable risk factors (genetic predisposition, birth weight, gender risk), as well as environmental factors compete for its induction. Among the latter we note exposure to ultraviolet radiation, solvents, pesticides, silica dust, drugs, oral contraceptives, infections (e.g., Epstein-Barr), certain vaccines, smoking, black tea, caffeine or stress. At the same time, alcohol consumption seems to have an inverse causal relationship with SLE, in part due to the potential to counteract systemic inflammation by reducing immuno-reactivity and suppressing the production of pro-inflammatory cytokines (tumor necrosis factor -TNF-, IL-6, IL- 8) (31, 40–42). The physiopathological cascade of SLE brings together disturbances in both innate and adaptive immunity. The main consequences of the involvement of the two are the increase of the type I IFN response, the disruption of immune tolerance with imbalances of the Th1/Th2 ratio and the dysregulation of B cells, the increase in the synthesis of autoantibodies, the decrease in the clearance rate of apoptotic cells, hypocomplementemia, the formation of immune complexes and their deposition, the inappropriate activation of neutrophils accompanied by the increase of proteases and reactive oxygen species. All of which lead to a chronic inflammatory state with multisystemic damage (e.g., skin, kidneys, joints, nervous system, cardio-vascular, respiratory) consecutive (8, 43, 44). Finally, Figure 2 illustrates the manner in which the metabolic dynamics of vitamin D3 influence the pathogenesis of SLE.

[image: Flowchart showing the synthesis and impact of vitamin D on systemic lupus. Vitamin D is synthesized from sunlight and diet, converted in the liver and kidneys, and influences dendritic cells. It affects various immune responses, increases intestinal permeability, and may lead to dysbiosis, contributing to systemic lupus. Environmental factors like pollution, UV radiation, and genetic factors are also depicted as contributing to lupus.]
Figure 2 | The involvement of vitamin D in the pathogenesis of SLE.




5 Immunology of exposure to UV radiation

A hot point in the SLE debate is represented by the strong involvement of the sun, through UV radiation. In addition to the beneficial effects in vitamin D3 metabolism, the sun affects the quality of life of patients due to the characteristic photosensitive pattern. Thus, there is an increased need for photoprotection to avoid scaffolding caused by exposure. The interaction between the radiation and the host is directed through immune-stomatal cellular circuits (45, 46). It should be noted that these radiations are divided by wavelength (short/long). Unlike short radiations (UVB) that are harmful in SLE, current data in the specialized literature attests to the possible involvement of those with long wavelengths (UVA) in the therapeutic protocol. Low doses of UVA1 appear to reduce disease activity, along with fading of clinical symptoms and skin manifestations. The mode of action is represented by the generation of singlet oxygen, inhibition of B-cell activity, counteracting the suppression of cell-mediated immunity, modulation of apoptosis by promoting the clearance of apoptotic bodies, and slowing down the appearance of SLE-specific epigenetic changes (47–49). At the opposite pole, harmful effects caused by UVB radiation include potentiation of apoptosis, necrosis and chemokine production. These changes were found to be dependent on the interaction between apoptosis-stimulating factor (Fas) and its characteristic ligand (Fas-L). The consequence is stimulation of the immune system by activation of T cells, dendritic cells and increased IFN, simultaneously with a decrease in regulatory T cells (50–52). At the epithelial level, an increase in Ro52 expression is observed (53). Therefore, sunscreen products must be an indispensable accessory among SLE patients. Their purpose is to reduce the risk of escalating symptoms upon contact with ubiquitous UV radiation (54).

Considering the general data specified previously, one of the current concerns is represented by the possibility of affecting patients with SLE due to exposure to low, repeated doses of UVB or UVA2. They can be associated with chronic exposure to indoor halogen, incandescent or fluorescent lamps. Skin lesions were also identified in the case of using lamps from dental/surgery offices or UV lamps for cosmetic purposes (manicure). We therefore recommend bulbs with a glass cover/filter, standard manicure or, in case of non-compliance, photoprotection with sun protection factor and protective gloves (55, 56). Also, additional attention is given to the elucidation of the seasonal distribution curve of SLE cases. As we stated in the previous chapters, it is more frequently diagnosed in the cold season, being often accompanied by a low level of 25(OH)D. At the same time, the hypothesis of the overlap of its party over the consequences of increased exposure to UV radiation during the summer was launched. The data from the literature attests at the moment only the lack of correlation between the peak of the diagnosed cases and the average humidity, doubled by an inverse correlation between them and the average temperature (57).




6 Role of microbial and nutritional balance



6.1 Diet and microbiota

SLE is a multifactorial disease, whose activity can be correlated with prognostic/nutritional risk indices. The main factors involved are an unhealthy diet high in carbohydrates and low in fat (58–60). They precipitate excess weight and nutritional deficits (61). In this way, dietary patterns designed to counteract the chronic inflammation and immune impairment that are the basis of the pathophysiology of SLE can be outlined. Key points are aimed at regulating fat mass, intestinal bacterial balance and antioxidants. The optimal approach includes a diet low in sodium, balanced in iodine, potassium, magnesium, folic acid, low in protein (below 0.6 g/kg/day) and high in fiber, oils, polyunsaturated fatty acids, vitamins (A, B, C, D, E), minerals, flavonoids (lycopene, apigenin) and polyphenols (Mediterranean diet) (62–66). Curcumin (120 mg-3 g/day) can be added for its anti-inflammatory properties, with proven benefits in ulcerative colitis, rheumatoid arthritis or psoriasis (67).

The food components and the method of preparation regulate the balance of the internal environment, intestinal transit and absorption, thereby modulating the risk of atopy, autoimmunity and Bacteroidetes-Firmicutes/Proteobacteria balance. Functionally, vitamin A, B9, short-chain fatty acids and omega 3 fatty acids have anti-inflammatory, antioxidant and cardioprotective effects, while omega 6 and 9 fatty acids appear to improve intestinal cell junctions (64, 65, 68–72). The implication of caloric restriction and intermittent fasting is another research topic. Unlike fasting, where beneficial effects have not been identified, caloric restriction seems to positively influence SLE morbidity and mortality (31, 64, 73–75).

Regarding the microbiota, it is important to know that it is in a perpetual change since the neonatal period, influencing the evolutionary course and the response to the treatment of various pathologies through gut-vital organ axes (76–82). Another factor inducing intestinal inflammation and dysbiosis is stress (83). Summarizing, intestinal dysbiosis is characterized by the inversion of the Firmicutes/Bacteroides ratio, the decrease of Lactobacillaceae and the increase of Lachnospiracea and Proteobacteria (Sphingomonas) due to the alteration of the barrier of the upper digestive system. Diet, supplementation with retinoic acid and probiotics, prebiotics or symbiotics have proven effective in restoring homeostasis. The possible mechanisms of action are the modulation of the expression of chemokine receptors in dendritic cells and the decrease of Th17 lymphocytes, IL-17, Toll-like receptors (TLR) -4, TLR-5, TLR-7 and TLR-9, together with the favoring of regulatory T cells. However, the administration of Lactobacillus can also be harmful, depending on the environmental and individual characteristics of the patient (63, 64, 84–88). The SLE activity estimated by the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) activity score seems to be correlated with the variable abundance of fecal and salivary bacteria. At the same time, it differs depending on the levels of the C3 and C4 factions of the complement (89). Studies in the specialized literature confirm both the involvement of intestinal and oral dysbiosis in dictating the risk of manifest autoimmunity, as well as the role of diet components (e.g., tryptophan) in modulating the intestinal microbiota in healthy people and SLE patients (90–93).




6.2 Nutritional dosages

In addition to clinical and paraclinical diagnosis, as in any disturbance of the homeostasis of the internal environment, the dosages of nutritional components and the highlighting of dietary deficiencies or, on the contrary, of excess, have also proven useful in the understanding and management of SLE cases. To briefly exemplify the influence of nutritional deficiencies on the body’s balance, we discuss the case presented by Mishra VA. et al. which was manifested by intermittent low fever, fatigue, anorexia, muscle weakness, anemia and severe thrombocytopenia, without localized symptoms characteristic of any system. The general investigations were within the limits of normal, being objectified the deficiency of 25(OH)D and vitamin B12, a rare but known cause of the manifestations stated above which, once treated, was accompanied by the remission of the symptoms, without further relapses (94).

Considering this brief example, we would like to specify that even among patients with SLE, the most important nutrients when it comes to dosage are vitamins. Due to the multiple roles, it plays in the body, starting from the regulation of chronic inflammation (cytokines and inflammatory markers), anti-inflammatory effects, directing the maturation and regulation of immune cells, decreasing the production of antibodies and oxidative stress, but also marking the risk of cardiovascular events, B vitamins (B1, B2, B6, B9, B12) and vitamins E, C and A play a major role in dictating the biological changes of any SLE patient. Thus, the priority of supplementation is emphasized when they are in deficit (64). Regarding the markers that can be dosed in order to evaluate the nutritional status and the cardiovascular risk, Salomão RG. et al. report homocysteine, tumor necrosis factor alpha (α-TNF), high-sensitivity CRP and folic acid levels, along with dyslipidemias, as having a relevant association (95). The first parameter presented a confirmed association with pSLE, but not with renal damage, disease activity, overweight or short stature (96).

The electrolytes are also necessary to be evaluated, since sodium and potassium compete to modulate the Th17/T regulatory balance, inflammation, the level of anti-dsDNA antibodies and the complement fractions (C3 and C4) and consequently the individualization of the diet according to them may have benefits on symptom control (64). Along with these, other essential trace elements (iron, copper, zinc, selenium) have proven their necessity in the differentiation, activation and functioning of immune cells. Iron in particular can direct CD4 T cells to a pro-inflammatory phenotype, although regulatory T lymphocytes have been shown to be resistant to low iron intake (44).





7 Is hypovitaminosis D an alternative therapeutic target in pSLE?

Vitamin D3 deficiency is among the most frequent and well-known nutritional deficiencies identified in the cases of children with SLE. Reinforcing what we previously stated, Stagi S. et al. bring to light the multiple implications of vitamin D3 metabolism in the activity of systemic lupus erythematosus and its associated complications. The novelty presented by the working group is the possible association of a genetic mutation that predisposes to hypovitaminosis D in the non-SLE population of European origin, a previously debated aspect. In accordance with their invitation to continue the debate, we will review the main evidence found in the literature regarding the influence of hypovitaminosis D during pSLE, but also the impact of its sublimation (97).

Rosiles VH. et al. reports with the help of a study carried out on a group of 153 children and adolescents, low levels of 25(OH)D in the group of patients with pSLE compared to the control group (18 ng/ml versus 22.3 ng/ml) (98). Similar results were obtained by Comak. et al. and Cheng. et al. The peculiarity of their studies, although performed on a relatively small group of children, resided in the objective of a significant negative correlation between serum 25(OH)D concentrations and SLE activity scores. Added to this is the inverse correlation between the administration of corticotherapy and the serum level of 25(OH)D (99, 100). Other objectified correlations were represented by the positive association between increased values of IFN-γ and IL-17 and pSLE (101). Next, AlSaleem A. et al. underlines that, after a 3-month treatment with vitamin D3 and calcium, an improvement in the activity score and specific autoimmunity markers was observed. Consequently, they postulated the positive correlation between the intense activity of the disease in childhood and hypovitaminosis D (102). In addition to the already stated multiple roles of vitamin D3 in maintaining the body’s homeostasis, Sultana N. et al. underlines the importance of investigating its serum levels, together with supplementation until the necessary optimal values are obtained. This desire resides from the objectification of the correlation between the hypoperfusion of the cognitive areas of the brain found, the neuro-psychic manifestations characteristic of lupus and hypovitaminosis D (103).

Thus, vitamin D3 deficiency cannot be neglected due to its involvement in dictating the susceptibility and severity of SLE. In order to understand which of the two disturbances (hypovitaminosis D and SLE) is the first to appear, we consider it appropriate to discuss the identification of a pattern of occurrence of autoimmune diseases, including SLE, represented by a peak of the incident in April and a minimum in October. This predominantly seasonal distribution of newly diagnosed cases rather incriminates 25(OH)D deficiency as a risk factor in SLE, rather than as a consequence of the condition (104). However, the data in the literature are far from unanimous. Ding Y. et al. they recognize the inconsistency of the relationship vitamin D3 - SLE depending on race, geographical and seasonal factors, but they place vitamin D3 among the negative reactants of the acute phase, arguing that hypovitaminosis occurs as an effect of acute inflammation and denying its involvement in increasing the risk of SLE (105). In addition to this, hypovitaminosis D caused by polymorphisms of genes involved in its transport, binding and metabolism (e.g., CYP24A1) has been shown to be correlated with increased susceptibility to SLE among relatives of subjects already diagnosed positively (106).

Lin TC. et al. concluded, by following a cohort of patients in the active and inactive periods of the disease, that pSLE and 25(OH)D levels are inversely correlated (107). Regarding the severity of SLE, it is considered that the key pillar in its dictation is represented by IFN-α, an inducer of the differentiation of monocytes towards dendritic cells, whose balance is influenced in the sense of its inhibition by vitamin D3. Magro R. et al. We support this hypothesis by the positive results (regarding the activity of the disease and the degree of fatigue of the patients) obtained when supplementing with 25(OH)D in deficient/ineffective cases, results that were attributed to the inhibition of the expression of the interferon signature gene (108–110). Similar effects were observed by Lima GL. et al. when supplementing subjects with pSLE for 24 weeks with cholecalciferol (111).

In the same direction, Irfan SA. et col. attests, with the help of a meta-analysis that included studies focused on adult populations, the positive effect of vitamin D3 supplementation on the disease activity score and the serum level of the C3 fraction of the complement, but not on the C4 fraction and anti-dsDNA antibodies (112). Also, the low level of 25(OH)D correlates with osteoporosis, fatigue and potentiation of cardiovascular risk factors (decrease in renin activity, increase in peripheral resistance to insulin, reduced immunomodulatory effects, alteration endothelial function and increased coronary artery calcification). An increased association of hypovitaminosis D in adults and stroke, myocardial infarction, diabetes, hypertensive heart disease, obesity and dyslipidemia was demonstrated. All these bring a negative addition to the morbidity induced by SLE. The involvement of hypovitaminosis D in dictating an additional increased risk of infections or malignancies remains open to study. The optimal doses for supplementation must be adapted depending on the basic level of 25-hydroxyvitamin D, BMI, the doses of steroids used chronically, the tolerability of the patients and the presence of other risk factors. A target 25(OH)D level of at least 30 ng/ml is desired (113–117).

In accordance with the above, Table 2 facilitates an overview of the prevalence of 25(OH)D deficiency in SLE patients, its correlation with disease activity and biological markers, and the effects of its supplementation.

Table 2 | Studies on the impact of hypovitaminosis D in SLE and the effect of supplementation.


[image: A table presents studies on 25(OH)D levels and systemic lupus erythematosus (SLE). It lists authors, design, sample size (N), purpose, investigation methods, results, and comments for each study. The studies explore relationships between vitamin D levels and SLE activity, with findings on deficiency impacts and supplementation effects.]



8 Lupus and vitamin D3 in the pandemic

Being a condition with multisystemic manifestations, the recent Covid-19 pandemic has attracted an increase in the incidence and severity of a multitude of pathologies. Among these, as is to be expected from the perspective of the physiopathogenic basis aimed at disturbances of the immune system, there are autoimmune diseases. De Belo IA. et al. underlines the ability of SARS-CoV-2 infection to trigger a pro-inflammatory state, accompanied by an increase in the activity of inflammatory cytokines and the consequent triggering of an aberrant immune response. Their hypothesis is based on the presentation of the case of an 11-year-old girl, previously healthy, who after the first wave of the pandemic developed arthralgias, pericarditis, pleurisy and ANA and anti dsDNA positivity, accompanied by a decrease in the level of the C3 fraction of the complement (positive diagnostic criteria for SLE). In the evolution, the clinical symptoms and the biological parameters remitted after corticotherapy and administration of Hydroxychloroquine (118). A similar case, this time in a 1-and-a-half-year-old girl, was reported by Sobh A. et al. (119). Although the two cases impress with the extent of the systemic manifestations, it should be specified that the initial manifestation of the condition was centered on the skin-articular component (arthralgias, oral ulcerations, erythemato-maculopapular rash on the face and body with areas of hyperpigmentation, vasculitic rash and edema in both hands and feet). On the opposite side, Domínguez-Rojas J. et al. reports the case of an 11-year-old boy, whose first diagnostic hypothesis was multiorgan failure syndrome in the context of Covid-19 infection. Biological investigations refuted the infection, and the analysis of the differential diagnosis possibilities led to the incrimination of the macrophage activation syndrome that appeared in the context of SLE as the cause of the multiorgan failure Covid-19-like, in terms of the response to the specific therapy being satisfactory (120). The relationship between the two entities therefore seems to be bidirectional, during the Covid-19 pandemic, noting both the exacerbation of already diagnosed pSLE cases and the appearance of new cases, as well as the increased risk of these patients to develop viral infections with an accentuated severity compared to that of the general population. Also, although the vaccine seems to be safe in the pediatric population with autoimmunities, the question arises as to how immunosuppressive therapy can influence its effectiveness (121, 122). Another point of intersection of the two entities is represented by the changes found in the gastrointestinal tract, which have been shown to be similar between patients with Covid-19 and those with SLE. It is therefore important to know and adequately treat intestinal dysbiosis, given the low costs and risks of counteracting it, which are accompanied by favorable effects in the evolutionary course of the pathology, but also by the possible decrease in the risk of interhuman transmission (123).

Vitamin D3 was also essential during the pandemic, its level being influenced and influencing clinical manifestations and the risk of developing Covid-19 (124–128). One of the causes responsible for the exacerbation of 25(OH)D deficiency in children and adolescents during the pandemic period may be the imposition of isolation restrictions, felt more strongly among children over 6 years old (129, 130). In this sense, Mercola J. et al. pencils, with the help of the existing data in the literature, the main means of action of 25(OH)D deficiency that dictate the risk, severity and mortality in SARS-CoV-2 infection. Among these we note the stimulation of antiviral mechanisms (e.g., antimicrobial peptides), increases the concentrations of angiotensin-converting enzyme 2 and reduces the risk of death caused by acute respiratory distress syndrome, pro-inflammatory cytokines, the risk of endothelial dysfunction, metalloproteinase-9 concentrations and increasing the level of bradykinin (131). Thus, the severe deficiency of 25(OH)D predisposes children to cardiovascular damage and disturbances of the immune response, which potentiates the severity of the multisystemic inflammatory syndrome determined by Covid-19 (132). Although there are still no regulations regarding the treatment with vitamin D3, we conclude that its existence in adequate amounts can have a prophylactic, immunoregulatory, but also neuroprotective role (it regulates neurotrophins, promotes the migration and differentiation of oligodendrocyte precursors and increases neurotransmission following the improvement of neuronal myelination) in the case of subjects with Covid-19 (133). Another nutritional deficiency found among pediatric patients positive for SARS-CoV-2 was that of zinc (134).

Cumulating the exposed data, we observe a pronounced link between SARS-CoV-2 infection, vitamin D3 deficiency, doubled by zinc deficiency, and the development/exacerbation of pSLE. We also reiterate the strong link between vitamin D3 deficiency and SLE manifestations. Therefore, it is vital to outline some management and adequate care programs for these pathologies reflected in the pediatric sphere. These must be focused both on adequate treatment, supplementing nutritional deficiencies and counteracting associated comorbidities, as well as on the integration of patients in psychotherapy and physical exercise programs, all with the ultimate goal of increasing the quality of life (135, 136).




9 Conclusions

This review updates the data on the pathophysiological and therapeutic implications of vitamin D3 in the dynamics of pediatric systemic lupus erythematosus. The narrative exposition can be summed up by the oft-used phrase “we are what we eat”. We have therefore presented general aspects related to pSLE, risk factors and immunological mechanisms through which the metabolism of vitamin D3 intervenes in the balance of the internal environment, unmasking or aggravating the symptoms of lupus. Among the predisposing factors, we delineated the unhealthy lifestyle and nutritional deficiencies. Both the effects of excesses and deficiencies of these constituents have been debated. In addition, the interaction between pharmacological substances - vitamin D3 and the weight of the recent Covid-19 pandemic in stimulating the advancement of research in the field by establishing a bidirectional link between the two pathologies have not been neglected. Finally, we consider it appropriate to initiate new studies focused on the comparative analysis of the beneficial versus harmful effect of sun exposure in the pediatric population with lupus and beyond. Due to its duality, the sun is both an aggravating factor of SLE, as well as a necessary factor in the formation of vitamin D3, an important constituent in the immune, inflammatory and microbial balance.
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Effects of the feeding protocol during blood transfusion on splanchnic tissue oxygenation and complications in very premature infants
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Background: The effects of blood transfusions on splanchnic oxygenation and complications related to blood transfusions, including red blood cell (RBC) transfusions, in premature infants undergoing enteral feeding, to provide clinical evidence for a management protocol for premature infants during the peri-transfusion period.
Methods: This single-blind, randomized, controlled trial enrolled sixty eligible preterm infants who were randomly divided into the withholding feeding group (n = 30) or feeding group (n = 30). Enteral feeding was withheld for 8 h, beginning from the start of transfusion infants in the feeding group were fed according to the pre-transfusion feeding approach during and after RBC transfusion.
Results: Baseline characteristics of those in the withholding and feeding groups were as follows: gestational age (weeks) 27.52 (24.86–30.14) and 27.13 (25.43–30.14); birth weight (g), 1,027 (620–1,450) and 1,027 (620–1,270); blood transfusion day, 48 (14–79) and 39 (10–78); and hemoglobin before blood transfusion (g/L), 81.67 (±10.56) and 85.93 (±14.77). No significant differences were observed between groups at baseline. No significant differences were observed in the average splanchnic tissue oxygenation changes or clinical results at any time. One patient in the withholding feeding group experienced transfusion-associated necrotizing enterocolitis.
Conclusions: No differences in splanchnic oxygenation observed these feeding protocols. This study suggests the feasibility of a sizable trial to evaluate clinical outcomes. The risks of mesenteric ischemia and transfusion-related necrotizing enterocolitis for premature infants were not increased by enteral feeding during RBC transfusion.
Clinical trial registration: ChiCTR2200055726 (https://www.chictr.org.cn/).
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Background

Premature infants are at high risk for anemia development because of their unique physiological conditions and iatrogenic causes. During the initial stay in the neonatal intensive care unit (NICU), >60% of very preterm infants and 90% of infants with extremely low birth weight receive blood transfusions (1). Blood transfusions can lead to specific complications, such as transfusion-associated necrotizing enterocolitis (TA-NEC) (2). Additionally, blood transfusions for preterm infants may increase the risks of retinopathy of prematurity (ROP), intraventricular hemorrhage (IVH), and bronchopulmonary dysplasia (BPD) (3).

TA-NEC refers to NEC episodes that are temporally related to packed red blood cell (RBC) transfusion and typically occur within 48 h after transfusion (4, 5). According to several studies (6, 7), 25%−35% of infants with NEC received blood transfusions prior to being diagnosed. Packed RBC transfusions, enteral feedings, and gastrointestinal immaturity are all risk factors for TA-NEC (8). Anemia can lead to intestinal ischemia and hypoxia, and blood transfusions can lead to intestinal tissue reperfusion and oxidative stress damage, thus increasing the risk of TA-NEC (9). Using near-infrared spectroscopy (NIRS) to monitor the blood oxygen saturation of local intestinal tissues, one study showed that the blood oxygen saturation of the mesentery in infants with TA-NEC decreased more significantly than that in infants without NEC after blood transfusion (10). Infants, particularly premature infants, have immature autoregulation of intestinal blood flow. If the intestine cannot obtain sufficient oxygen, then the local tissues may experience hypoxia and ischemia, leading to TA-NEC. Feeding during blood transfusions for preterm infants with anemia leads to decreased intestinal oxygenation, which may be related to TA-NEC (11, 12).

Withholding enteral feeding during blood transfusions for preterm infants may prevent TA-NEC. One systematic review of non-randomized controlled trials (non-RCTs) that included seven studies and 7,492 infants found that when feeding was withheld throughout the transfusion, the odds ratio (OR) of NEC development within 48–72 h was significantly low [OR, 0.47; 95% confidence interval (CI), 0.28–0.80] (13). A recent Cochrane review (14) (including one RCT and 22 preterm infants) found evidence that could not sufficiently suggest that delaying enteral feeding for infants who needed blood transfusions had an impact on NEC development. An RCT with a small sample size that divided preterm infants into three groups according to the feeding protocol found no significant differences in the mean splanchnic cerebral oxygenation ratio (SCOR), mean splanchnic fractional oxygen extraction (FOE), and TA-NEC when enteral feeds were withheld, continued, and restricted during blood transfusions; however, the feeding intolerance (FI) incidences were 0%, 25%, and 5% (P = 0.02), respectively (15).

Studies of feeding and NEC during blood transfusions for premature infants have primarily focused on preterm infants and a feeding amount ≥120 ml/kg. However, clinically, many premature infants receive blood transfusions before their feeding amount reaches 120 ml/kg. Moreover, studies have not limited the frequency of blood transfusions for the included infants. Multiple blood transfusions are associated with the severity of intestinal mucosal damage (16). One case study revealed that the administration of two full-volume transfusions within a relatively short timeframe was associated with pneumoperitoneum and TA-NEC (17). Therefore, this study aimed to examine the changes in splanchnic tissue oxygenation during the implementation of a protocol comprising the withholding of enteral feeding compared with those associated with routine enteral feeding during the peri-transfusion period for preterm infants who received partial enteral nutrition. Furthermore, this study analyzed the effects of blood transfusion and various feeding strategies on splanchnic tissue oxygenation and transfusion-related complications among very premature infants to provide clinical evidence for a management protocol for premature infants who require RBC transfusions.



Methods


Study design and participants

This single-center, single-blind RCT investigated the effects of different enteral feeding strategies on splanchnic oxygenation and transfusion-related complications during RBC transfusion. This study followed the Consolidated Standards of Reporting Trials (CONSORT) reporting guidelines. The participants were preterm infants admitted to the NICU at the West China Second University Hospital of Sichuan University who required blood transfusions because of anemia. They were enrolled between February 2022 and January 2023. The West China Second University Hospital of Sichuan University is a tertiary hospital for women and children. The neonatal division is one of the largest neonatal wards in China, with nearly 6,000 infants discharged annually, including 400 very premature infants.

The eligibility criteria for study inclusion were as follows: preterm infants born at <32 weeks of gestation; received one or more RBC transfusions for anemia; birth weight <1,500 g; and enteral feeding amount ≥60 ml/kg/day. All RBC transfusions performed during this study were administered following the guidelines of the British Committee for Standards in Hematology (18).

The exclusion criteria were as follows: major chromosomal disorders or congenital abnormalities; IVH with a Papile grade of III or higher; hemodynamically significant patent ductus arteriosus; severe infection; NEC; active bleeding; small for gestational age status; vasopressor therapy required at the study entry point; and cutaneous disease that did not allow the placement of an NIRS sensor. The trial was approved by the institution's Ethics Committee (no. 064, Medical Research 2021 Ethical Review, June 25, 2021) and registered at chictr.org (ChiCTR2200055726). Written informed consent was obtained from the parents of the participants before recruitment.



Interventions

Infants who met the inclusion criteria were randomly divided into the feeding and withholding feeding groups. Enteral feeds were stopped for 8 h, from the start of the transfusion, for infants in the withholding feeding group. Infants in the feeding group received orogastric tube feeding via gravity for 5–10 min every 3 h before transfusion according to the protocol. During the transfusion, infants who did not receive enteral feeds were administered intravenous fluids to maintain their blood sugar levels. All transfusions were administered 4 h and comprised leukocyte-reduced RBCs (20 cc/kg) from the local blood bank. The blood was irradiated immediately before transfusion. Blood products were heated using a transfusion heater to maintain a temperature of 37°C. The ventilator's settings and inhaled oxygen concentration for infants who needed respiratory support and oxygen inhalation were adjusted to keep their oxygen levels between 90 and 94%. Each transfusion episode was treated as a separate event. Infants were assessed for eligibility and randomized with each transfusion.



NIRS measurements

Using the NIRS parameter monitor/brain oxygen monitor (EGOS-600B; Aiqin Medical Biomedical Electronics, Suzhou, China), the regional oxygen saturation (rSO2) of each patient was assessed at predetermined time points. Neonatal sensors were secured with tape at the correct location 1 h before the transfusion and removed 48 h after the transfusion. The skin integrity of each infant was checked every 6 h by the study nurses. To evaluate cerebral, hepatic, renal, and intestinal splanchnic tissue oxygenation, neonatal sensors were taped to the lateral sides of the forehead (19), on the right flank (last rib level) (20), left posterolateral flank (21), and left lower abdominal quadrant (19).

According to the operating manual of the NIRS monitor and previous studies (22, 23), a period of 10 min was allotted for each measurement; thereafter, the NIRS stability curve value was recorded, and the average of the measurement data was obtained. Clinical symptoms were observed and recorded, and the SPO2, blood pressure, and heart rate were simultaneously monitored and recorded.

The SCOR and cerebral and splanchnic FOE were determined based on the average raw data of regional splanchnic saturation measured using NIRS. The following calculations were applied (24):

[image: Formulas displayed include: SCOR equals intestinal rSO2 divided by cerebral rSO2, and FOE equals open bracket SpO2 minus rSO2 close bracket multiplied by one hundred divided by open bracket SpO2 close bracket.]
 

Primary outcomes

The primary outcomes were the mean rSO2 measurements during the following five periods: before the transfusion (30 min before transfusion); at the end of the transfusion; and after the transfusion (8, 12, and 24 h after transfusion). The mean SCOR and splanchnic FOE measurements were also primary outcomes.



Secondary outcomes

The secondary outcomes were gastrointestinal complications within 48 h after transfusion, FI, TA-NEC, and the incidence of complications among premature infants during hospitalization, including ROP, BPD, NEC, and IVH. FI was defined as gastric aspirates >50% of feed volume, vomiting, or failure of the feeding protocol, including the reduction, postponement, or cessation of enteral nutrition (25). TA-NEC was defined as a diagnosis of NEC within 48 h after transfusion (26).



Sample size

Based on studies of anemia in very preterm infants, we estimated that the mean intestinal oxygen saturations would be between 40 and 50%, with a standard variation of 7% (27, 28). To achieve 90% power at 0.05, it was estimated that a sample size comprising ≥12 infants was required to detect a 15% change in mean splanchnic oxygenation. Considering the risk of patient loss, we recruited 30 infants for each group.



Randomization and blinding

Infants were randomized using a random number table and 1:1 ratio. This was a single-blind study for NIRS measurement staff, feeding regimen assignments were not blinded to other clinical staff members.



Statistical analysis

Data analyses were performed using the SPSS 25.0 statistical program. Means and standard deviations were used to describe normally distributed data. Means (minimum, maximum) were used to represent non-normally distributed data. Counting data were described as numbers (%). To compare the means of independent sample data, a t-test was performed. For cases with data that were not normally distributed, a rank sum test was performed. Enumeration data were analyzed using the squared test. analysis of variance of repeated measurements of two factors was performed to assess the local oxygenation values of splanchnic tissue oxygenation in the two groups of children. These values were measured repeatedly at different time points. Statistical significance was set at P < 0.05.




Results

Figure 1 presents the CONSORT recruiting diagram. Sixty infants met the inclusion criteria; therefore, 30 infants were assigned to each group. All parents or legal guardians of the included infants provided informed consent. Because of inadequate data, the study excluded two and four events from the feeding and withholding feeding groups, respectively.


[image: Flowchart showing the selection process for a study on transfusion episodes. Out of 264 assessed, 178 were excluded: 152 not meeting criteria, 26 with unacquired data. Sixty episodes were randomized into two groups: 30 allocated to withheld feeds and 30 to continuing feeds. No participants were lost or discontinued. In the withheld group, 2 were excluded from analysis, leaving 28 analyzed. In the continuing group, 4 were excluded, leaving 26 analyzed.]
FIGURE 1
 Consolidated standards of reporting trials (CONSORT) diagram of the study participant flow.


Table 1 shows the demographic and clinical characteristics of each group at baseline. Differences in baseline characteristics of the infants in the withholding feeding and feeding groups were not significant. Similar prenatal characteristics were observed in both groups, and effective blood transfusions were performed for each patient.


TABLE 1 Baseline characteristics of the study subjects.

[image: Table comparing two groups: "Withholding feeding" (N=28) and "Feeding" (N=26), with P-values. Metrics include gestation age, sex, birth weight, delivery method, gestational and postnatal age, weight, hemoglobin level, PDA presence, feeding type, and oxygen requirements. Values are presented with means, standard deviations, and percentages.]

In this study, transfusions were associated with an upward trend in splanchnic tissue oxygenation in both groups (Table 2). A comparison of values observed before and after transfusions showed that the feeding group a greater increase in the intestinal rSO2 (T = 2.381; P = 0.031), whereas the withholding feeding group experienced a greater increase in the renal rSO2 (T = 5.019; P < 0.001). This difference was significant.


TABLE 2 Changes in splanchnic tissue oxygenation before and at the end of blood transfusion.

[image: Table showing the mean, standard deviation, T-value, and P-value for splanchnic oxygenation (rSO₂) changes (T1 minus T0) across cerebral, intestinal, renal, and hepatic regions. Data compares withholding feeding and feeding groups. Significant differences are seen in intestinal (P=0.033) and renal (P=0.001) rSO₂ changes. Notes define rSO₂ and timepoints T0 and T1 related to blood transfusion.]

No significant differences in the rSO2 and FOE (Table 3, Figures 2, 3) were observed in the brain, intestines, liver, and SCOR of the groups at various times before and after transfusions. No interactions between the various time points before and after transfusions and feeding strategies were observed.


TABLE 3 NIRS values of splanchnic oxygenation at prespecified time points.

[image: A table comparing the regional oxygen saturation (rSO₂) and splanchnic cerebral oxygenation ratio (SCOR) between withholding feeding and feeding groups over different time points. Time points are before transfusion, end of transfusion, 8 hours, 24 hours, and 48 hours. It includes cerebral, intestinal, hepatic, and renal rSO₂, each with mean and standard deviation. P-values are provided for each comparison. Abbreviations: NIRS stands for near-infrared spectroscopy, rSO₂ for regional oxygen saturation, SCOR for splanchnic cerebral oxygenation ratio, and SD for standard deviation.]


[image: Bar graphs compare cerebral and intestinal splanchnic fractional oxygen extraction (FOE) at different time points: before transfusion, end of transfusion, eight hours, twenty-four hours, and forty-eight hours. Two groups are shown: withholding feeding (blue) and feeding (orange). Error bars are included for each bar.]
FIGURE 2
 Mean (standard deviation) splanchnic fractional oxygen extraction (FOE) [(SpO2c- rSO2S)/SpO2]. (A) Cerebral FOE. (B) Intestinal FOE.



[image: Bar charts showing hepatic and renal splanchnic fractional oxygen extraction. Chart A displays hepatic FOE, and Chart B shows renal FOE, with measurements taken at various time points. Blue bars represent the withholding feeding group, and orange bars represent the feeding group. Both charts include error bars and a legend differentiating the groups.]
FIGURE 3
 Mean (standard deviation) splanchnic fractional oxygen extraction (FOE) [(SpO2- crSO2S)/SpO2]. (A) Hepatic FOE. (B) Renal FOE.


Significant changes in the renal rSO2 and FOE (Table 3 and Figure 3) were observed between groups at 48 h after transfusion. An interaction between renal oxygenation and FOE with the feeding protocol techniques was noted. At 48 h after transfusion, the renal rSO2 and FOE of the withholding feeding group were significantly different from those of the feeding group; however, no significant difference was observed at other time points.

Differences in clinical outcomes were not observed (Table 4). One infant in the withholding feeding group developed gastrointestinal symptoms 2 h after transfusion and was diagnosed with NEC. No cases of death occurred. No difference in the FI incidence between groups was observed (21.4 vs. 7.7%; P = 0.331).


TABLE 4 Clinical outcomes.

[image: Table comparing medical conditions between withholding feeding and feeding groups. NEC, TA-NEC, FI, BPD, and ROP are listed with their respective percentages. P-values for each condition range from 0.156 to 1. Definitions for abbreviations are provided below the table.]

No increase in IVH incidence was observed. During this study, the BPD incidence rate was 50% in both groups; however, the ROP incidence rates were 42.9% in the withholding feeding group and 57.7% in the feeding group, with no significant difference between groups. A subsequent investigation revealed no association between BPD and the total volume of the RBC transfusions (cc/kg) [R2 = 0.228; P = 0.218 (>0.05)]; however, a strong positive correlation was observed between ROP and the number of transfusions (R2 = 0.42; P = 0.021(<0.05)].



Discussion

Recently, NIRS monitoring of rSO2 has been widely applied to manage critically ill infants in the NICU. Human cerebral circulation has a certain degree of autonomous regulation, and the cerebral rSO2 value is relatively stable. However, gastrointestinal rSO2 is easily affected by the infant's position, intestinal peristalsis, and feeding factors, and high variability has been observed among different individuals (29). Therefore, this study not only directly compared rSO2 but also measured intestinal and cerebral rSO2 simultaneously. Subsequently, the SCOR was calculated to eliminate factors that influence intestinal rSO2. Additionally, we recorded the SpO2 of the patients and calculated the local tissue oxygen uptake fraction (FTOE) to reflect oxygen use in tissues. By these measurements, more accurate comparisons between groups and individuals within a group were possible.

A blood transfusion is a common therapy administered in the NICU. Blood transfusions for premature infants can lead to TA-NEC, which is closely related to IVH, BPD, and ROP (30–32). Additionally, the pathogenesis of TA-NEC may be closely related to intestinal mucosal hypoxic-ischemic reperfusion injury, inflammatory cascade reactions, and intestinal microbiota imbalance caused by anemia (8, 10, 16, 33). Withholding feeding decreased the risk of TA-NEC (13). When feeding is continued during blood transfusions, gut oxygenation in premature infants shows a declining trend, suggesting hypoxia-reperfusion injury and a probable association with TA-NEC development (34). This study found no significant differences between the peri-transfusion rates of cerebral oxygenation, intestinal oxygenation, liver oxygenation, FTOE, and SCOR. Additionally, no significant variations in gastrointestinal and preterm complications The findings of this study are consistent with those of the study by Schindler et al. (15), who randomly divided preterm infants who received blood transfusion into three groups (withholding enteral feeds for 12 h group, continuing enteral feeds, and restricting the enteral feed volume to 120 cc/kg/day group). Schindler et al. (15) compared the intestinal to-brain oxygen ratio (SCOR) and FTOE values of those three groups transfusion 1 h before transfusion, immediately after transfusion, and 12 and 24 h transfusion. No significant differences in the average SCOR and FTOE were observed among those three groups at any of the aforementioned times, and no difference in the TA-NEC incidence was observed (15). The gestational age, birth weight, postnatal age at the time of transfusion, and hemoglobin levels of the infants before transfusion observed during the present study are consistent with those observed by Schindler et al. (15). However, the average enteral feed volume of the feeding group was lower than that observed during this study (66.31 ± 47.50 ml/kg). This may have occurred because our hospital does not have a breast milk bank. Most infants in our NICU lived far from the hospital. During hospitalization, most infants received mixed feedings and a conservative protocol for adding milk. The feed withholding time during this study was shorter than that; however, no differences in the incidence of TA-NEC and other symptoms of the feeding and withholding enteral feeding groups were observed. The intestinal transit times of premature infants are four-times greater than those of full-term infants; therefore, a 4-h fast may not have the desired effect of lowering NEC (35). In contrast to the studies by Schindler et al. and others (15, 36), we adopted a protocol involving an 8-h feeding withholding period for the withholding feeding group, from the start of the transfusion. This study indicated that withholding enteral feeding for shorter periods (<12 h) during and after the transfusion may be safe.

According to previous studies of TA-NEC, most patients received multiple RBC transfusions (37). For example, Mohankumar et al. (16) developed a neonatal murine model of TA-NEC and demonstrated that multiple RBC transfusions increased the risk of bowel injury. Therefore, we limited our study to infants who received one or more blood transfusions before the study. Most studies did not specify the frequency of blood transfusions received by the enrolled infants. Therefore, this study is more in line with TA-NEC high-risk factors.

During this study, we compared the changes in splanchnic oxygenation in infants in the same group at different time points before and after transfusion. Splanchnic oxygenation in infants in both groups showed an increasing trend immediately after the transfusion. However, the increase in intestinal oxygenation in the feeding group was significant. In contrast, no significant difference was observed in the withholding enteral feeding group. The same feeding protocol group experienced no significant changes in intestinal oxygenation at 8, 24, and 48 h after the transfusion. These results indicated that feeding premature infants during blood transfusions may temporarily increase intestinal oxygenation. However, no significant differences in the SCOR and FOE were observed at different time points before and after transfusions within the same group, and no significant difference between the different feeding strategy groups was observed. Under normal circumstances, enteral feeding promotes the release of substance P by the central nervous system, thus leading to intestinal mucosal vasodilation, increased intestinal blood flow, and oxygen delivery (38). Braski et al. reported that enteral feeding led to a decreased SCOR for infants with anemia and a hematocrit level <28%, which may lead to decreased intestinal perfusion and increased risks of FI and NEC (32). Blood transfusions can also lead to decreased postprandial intestinal oxygen utilization efficiency and splanchnic tissue oxygen levels (34, 39, 40). The difference between the results of this study and those of the study by Balegar et al. may be related to different feeding strategies and the storage time of infused RBCs (39). Balegar et al. reported the use of a feeding protocol with a syringe pump at a constant speed (120 ml/h); however, we adopted a feeding protocol involving gravity. Furthermore, in the study by Balegar et al., the median age of the transfused RBCs was 9 days; however, in our study, RBCs were used within 7 days of blood collection. The storage time of banked blood may affect the ability of RBCs to release oxygen (41). The hematocrit (HCT) level before transfusion during our study was 25% which was lower than that during Braski et al.'s (26.3%), Marin et al.'s study (26%) and Balegar et al.'s study (Hb 9.3 g/dl). Therefore, the level of anemia could not have led to the difference between our research results and that of previous studies. Marin et al. (34) compared the intestinal oxygenation of preterm infants who were fed and those of preterm infants who were not fed during RBC transfusion (all had a gestational age <33 weeks); however, they did not provide information regarding cerebral oxygenation and oxygen saturation. In the study by Marin et al. (34), decreased postprandial intestinal oxygenation mainly occurred in preterm infants with a postmenstrual age <33 weeks, and especially in those with a postmenstrual age <30 weeks. Conversely, in the present study, most preterm infants had a postmenstrual age ≥34 weeks. However, the median postmenstrual age of the infants in our study was very similar with that of in the study of Braski et al. and Balegar et al. Therefore, it was not yet certain that infants with lower postmenstrual age have greater risk for altered gut rSO2 during reperfusion phase following transfusion.

In this study, no significant changes were observed in the liver and brain oxygen levels before and after transfusion. However, the renal rSO2 levels significantly increased and the renal FTOE levels decreased in the withholding feeding group, but no significant change in renal oxygenation was observed in the feeding group. No significant differences in the renal function, renal tissue oxygenation, baseline hemoglobin and hematocrit levels, caffeine use, or diuretic use were observed between the two groups before blood transfusion. However, in the feeding group, a significant increase in intestinal oxygen content was observed immediately after blood transfusion. The increased renal tissue oxygenation in the withholding feeding group may have been caused by the differences in feeding strategies, leading to different blood flow distribution ratios between organs after blood transfusion. We did not perform routine ultrasound examinations of renal hemodynamics during this study; therefore, we cannot rule out the possibility that differences may exist in renal hemodynamics before blood transfusion in patients with different feeding strategies, leading to differences in renal oxygenation after blood transfusion.

Currently, the effects of blood transfusions on the kidneys are unclear, and conflicting results of the effects of different transfusion thresholds on renal blood flow before and after transfusion have been reported (42–44). Limited research of the effects of renal oxygen before and after transfusion has been performed; therefore, further research is required.

Prior studies have shown that infants who were fed formula are at higher risk for TA-NEC (37), but that breastfeeding can reduce the risk of NEC (45). However, during this study, few infants were exclusively breastfed and fortified with breast milk; the majority received breast milk and formula. However, the sample size was small, and group comparisons were insufficient.

The primary strength of this study is that we controlled for corresponding confounding factors. This study implemented a blind method for NIRS measurements, thus eliminating subjective bias and allowing more reliable results. Thirty minutes before and after the corresponding time points of the measurement, nurses checked the position of the probe and did not perform nursing procedures to ensure that the child was quiet and did not experience any changes in body position, thus avoiding the effects of the probe or body position changes on the child. The feeding group received a standardized feeding method after transfusion that involved gravity feeding for 5–10 min.

This study had some limitations. First, we examined the effects of various feeding methods on splanchnic tissue oxygenation during the peri-transfusion period, but we did not monitor the splanchnic tissue oxygenation changes during transfusion and splanchnic hemodynamics. Second, we did not continuously monitor rSO2. The NIR monitoring instrument used during our study was the EGOS-600B near-infrared blood oxygen monitoring instrument (Aiqin Medical Biomedical Electronics), which collected tissue rSO2 data every 2 s. However previous studies have indicated that measuring rSO2 within 10 min could provide accurate values when those values were stabilized (with fluctuations not exceeding 2%). Most of the research conducted with the use of this device adopted intermittent monitoring rather than continuous monitoring. Because of the lack of cameras and other software in our NICU, we were unable to ensure accurate recordings of infant movements and manage movement artifacts. Therefore, we chose several rSO2 measurement time points. We used clear monitoring time points for each patient in this study to ensure the scientific validity of our research data. Additionally, because of the small sample size, we could not completely rule out the possibility of a second type of error that may have affected findings and reduced the importance of some differences. Infants with hemodynamic instability are at high risk for TA-NEC; therefore, were excluded from this study. Another reason for the lack of difference in the TA-NEC incidence between groups may have been the relatively high hemoglobin levels of the included infants. Patel et al. (46) reported that hemoglobin levels <8 g/dl significantly increased the incidence of TA-NEC. An in-depth study with a larger sample size is required.



Conclusions

The results of this study showed that splanchnic oxygenation in very preterm infants during the transfusion phase was unaffected by their feeding status. Feeding during RBC transfusion did not increase the incidences of intestinal ischemia after transfusion and TA-NEC in preterm infants compared with those of infants whose feedings were withheld during blood transfusions. Future studies should include multicenter trials with larger sample sizes to assess the long-term effects of different feeding strategies during RBC transfusions for preterm infants. Additionally, an investigation of the effects of the feeding volume, composition, RBC storage time, and hemodynamic monitoring on tissue oxygenation and transfusion-related complications would provide valuable insights regarding the optimization of clinical management protocols for this vulnerable population.
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Background: Vitamin A deficiency, iodine deficiency, and protein-energy malnutrition are prevalent malnutrition issues that disproportionately affect low-income countries and pose significant risks to the health and development of children and adolescents. This study offers a detailed examination of these deficiencies' prevalence trends and gender and regional variations using Global Burden of Disease Study data from 1990 to 2019. It also assesses the specific impact on various age groups, providing essential insights for targeted health interventions and policy-making.
Methods: Data spanning from 1990 to 2019 on Vitamin A deficiency, iodine deficiency, and protein-energy malnutrition were extracted from the 2019 Global Burden of Disease Study. Age-Standardized Incidence Rates (ASR) were computed by gender, region, and etiology, utilizing the estimated annual percentage change (EAPC) to assess temporal trends.
Results: In 2019, Central Sub-Saharan Africa had the highest prevalence of Vitamin A deficiency, particularly among males, and iodine deficiency peaked in the same region for both genders. South Asia had the highest incidence of protein-energy malnutrition for both genders. Regions with a low Socio-Demographic Index (SDI) showed lower ASR for these deficiencies. Notably, Cameroon, Equatorial Guinea, and Maldives recorded the highest ASR for vitamin A deficiency, iodine deficiency, and protein-energy malnutrition, respectively. The declining ASR trend for vitamin A deficiency, especially among males, suggests effective interventions. East Asia saw a significant increase in iodine deficiency ASR from 1990 to 2019, particularly among women, requiring targeted interventions. The rising ASR of protein-energy malnutrition in several regions, especially among men, raises concerns. Vitamin A deficiency primarily affected children and adolescents, iodine deficiency predominantly impacted adolescents and young adults, and protein-energy malnutrition was chiefly observed among children under 5 years old. These findings underscore the necessity for tailored interventions considering age-specific nutritional needs and challenges.
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1 Introduction

Malnutrition remains a pervasive global health challenge, with far-reaching implications for both individual wellbeing and public health. Iodine, vitamin A, protein, and energy are essential nutrients for the human body, playing a role in numerous physiological functions. Insufficiency or deficiency of these nutrients can result in significant health problems. Iodine deficiency is the leading cause of preventable cognitive impairments and is linked to thyroid dysfunction, miscarriages, premature births, stillbirths, and congenital deformities (1). Vitamin A deficiency is a significant factor in childhood blindness and mortality, as well as its links to infectious diseases, anemia, and reproductive health (2). Insufficient protein and energy intake can weaken the immune system, elevating susceptibility to infections and mortality. The World Health Organization acknowledges iodine deficiency, vitamin A deficiency, and protein-energy malnutrition as global public health issues (3). As per the 2020 Global Nutrition Report, iodine deficiency, vitamin A deficiency, and protein-energy malnutrition represent substantial global risk factors for mortality and disability-adjusted life years (DALYs) (4). Despite substantial public health endeavors in recent decades to tackle this problem, elevated prevalence rates endure in low- and middle-income regions (5). The main reasons include economic constraints leading to a monotonous diet, lack of education and awareness about nutrition, soil and environmental factors affecting the nutritional value of food, heavy disease burdens impacting nutrient absorption, and social and cultural customs restricting the intake of nutrient-rich foods. Moreover, inadequate health systems, absence of targeted nutrition policies, and the adverse effects of climate change on agricultural production have all exacerbated nutritional problems in these countries (6, 7).

In 2015, the United Nations General Assembly set forth the Sustainable Development Goals (SDGs) to eliminate all malnutrition forms by 2030 (8). This encompasses tackling health issues like child growth stunting, wasting, adolescent malnutrition, and the nutritional needs of pregnant, lactating women, and the elderly. To attain this goal, acquiring an understanding of the patterns and temporal trends in iodine deficiency, vitamin A deficiency, and protein-energy malnutrition incidence can facilitate the adoption of more focused preventive strategies, thereby contributing to the attainment of the Sustainable Development Goals.

The Global Burden of Disease (GBD) study has evaluated the prevalence of iodine deficiency, vitamin A deficiency, and protein-energy malnutrition in 204 countries and regions across the globe (9). This provides a distinct opportunity to gain insights into how to address these deficiencies. In this study, we aim to evaluate the temporal trends in the incidence of iodine deficiency, vitamin A deficiency, and protein-energy malnutrition from a global, regional, and national perspective over the period from 1990 to 2019. Our research findings can contribute to the development of targeted prevention and intervention strategies that are tailored to the needs of different nations and populations.



2 Materials and methods


2.1 Study data

We gathered data on the incidence, age-standardized incidence, and mortality rates of iodine deficiency, vitamin A deficiency, and protein-energy malnutrition, broken down by gender, region, and country. These data span from 1990 to 2019 and were collected through the GBD Results Tool (GHDx) available at: http://ghdx.healthdata.org/gbd-results-tool. The dataset encompassed 204 countries and territories. Subsequently, we categorized these nations and regions into five groups based on the sociodemographic index (SDI), which includes low, low-middle, middle, high-middle, and high categories. Additionally, we partitioned the globe into 21 geographical regions (Supplementary Table 1). A comprehensive account of the indicators, data sources, and statistical models employed in GBD 2019 has been documented in previous publications and adheres to the Guidelines for Accurate and Transparent Health Estimates Reporting (9, 10). According to the International Classification of Diseases, Tenth Revision (ICD-10), protein-energy malnutrition is coded as E40–E46.9; iodine deficiency is coded as E00-E02, and vitamin A deficiency is coded as E50–E50.9.



2.2 Statistical analysis

To assess the trends in iodine deficiency, vitamin A deficiency, and protein-energy malnutrition, we use age-standardized incidence rates (ASR) and estimated annual percentage change (EAPC). Direct comparison between populations with different age structures can introduce bias in crude rate comparisons. Hence, standardizing rates is essential. ASR (per 100,000 individuals) is calculated using the direct method and is defined by Equation (1). EAPC is a commonly utilized metric for summarizing rate trends over specific time intervals. It is computed using a linear regression model, as represented in Equations (2, 3). We determine a 95% confidence interval using the EAPC formula mentioned earlier. The standard error is obtained from fitting the regression line. If both the estimated EAPC value and its lower 95% confidence limit are >0, the age-standardized rate is considered to be increasing. Conversely, if both the estimated EAPC value and its upper 95% confidence limit are <0, the age-standardized rate is considered to be decreasing. All statistical analyzes were conducted using the R program (Version 4.2.1, R Core Team). A P-value <0.05 was regarded as statistically significant.

[image: Formula for Age-Standardized Rate (ASR) calculation, showing ASR equals the sum of \(a_i w_i\) divided by the sum of \(w_i\), multiplied by 100,000.]

where i denotes the ith age class; a denotes age-specific rates; ω denotes the number of people (or weight)

[image: Equation showing a linear regression model: y equals alpha plus beta x plus epsilon.]

[image: Equation showing EAPC equals one hundred times the exponential of beta minus one.]

where y represents the natural logarithm of the age-standardized rate, x corresponds to the years in question, and β stands for the estimated slope.




3 Results


3.1 Global burden of disease of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition in 2019

In 2019, global Age-Standardized Rates (ASRs) for vitamin A deficiency, iodine deficiency, and protein-energy malnutrition were 6,955.6, 108.3, and 2,099.4 per 100,000, respectively. Among females, ASRs were 5,999.1, 139.8, and 1,894.6 per 100,000, and among males, 7,886.2, 78.1, and 2,304 per 100,000 (Table 1). According to the Social Demographic Index (SDI), regions with low SDI had lower ASRs for vitamin A deficiency, iodine deficiency, and protein-energy malnutrition, while high SDI regions exhibited the opposite trend (Supplementary Tables 1, 4, 7). In 2019, among the 21 regions, Central Sub-Saharan Africa had the highest ASR for vitamin A deficiency at 33,739.9 per 100,000 (range: 30,648–37,138.4), followed by Eastern Sub-Saharan Africa and Western Sub-Saharan Africa. For females, Eastern Sub-Saharan Africa had the highest ASR for vitamin A deficiency in 2019 at 20,731.4 per 100,000 (range: 19,414.7–22,180.9), while for males, it was Central Sub-Saharan Africa with an ASR of 33,242.3 per 100,000 (range: 28,347.2–38,656.5; Supplementary Tables 4–6). Central Sub-Saharan Africa had the highest ASR for iodine deficiency in 2019, at 459 per 100,000 (range: 371.5–555.8), followed by South Asia and Eastern Sub-Saharan Africa. For both females and males, the highest ASRs were in Central Sub-Saharan Africa, with 459 per 100,000 (range: 371.5–555.8) and 320.5 per 100,000 (range: 255–391.2), respectively (Supplementary Tables 1–3). In 2019, the region with the highest ASR for protein-energy malnutrition was South Asia at 1,023.5 per 100,000 (range: 860–1,208.2), followed by Southeast Asia and East Asia. For both females and males, the highest ASRs of protein-energy malnutrition were in South Asia, with 3,427.8 per 100,000 (range: 2,828.8–4,111.8) and 3,759.6 per 100,000 (range: 3,101.9–4,516), respectively (Supplementary Tables 7–9).


TABLE 1 The incident cases and age-standardized incidence of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition in 1990 and 2019, and its temporal trends from 1990 to 2019.

[image: Table comparing global incident cases and age-standardized rates of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition in both sexes (total, female, male) from 1990 to 2019. It includes statistical data such as total cases, rates per 100,000, and estimated annual percentage change, with corresponding confidence and uncertainty intervals.]

In 204 countries and territories worldwide, there are significant variations in the ASR of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition (Figure 1). In 2019, Cameroon exhibited the most pronounced ASR for vitamin A deficiency, reaching 69,494.5 per 100,000 (within the range of 66,902.4–72,335.4), surpassing Somalia and Niger. For females, the country with the highest ASR for vitamin A deficiency was Somalia at 58,377.3 per 100,000 (ranging from 53,054.1 to 63,870.7), while for males, it was Cameroon at 92,312.4 per 100,000 (ranging from 89,901.8 to 94,293.4; Supplementary Tables 13–15; Supplementary Figures 1, 2). Equatorial Guinea recorded the highest ASR for iodine deficiency at 1,071.8 per 100,000 (ranging from 902.5 to 1,226.4), followed by the Democratic Republic of the Congo and Somalia. The countries with the highest ASR for iodine deficiency among females and males were Equatorial Guinea, with 1,387.4 per 100,000 (ranging from 1,193.1 to 1,571.3), and 760 per 100,000 (ranging from 613.2 to 899.1), respectively (Supplementary Tables 10–12; Supplementary Figures 1, 2). Maldives recorded the highest ASR for protein-energy malnutrition, with a level of 4,292.4 per 100,000 (ranging from 3,565.3 to 5,068.5), surpassed only by Sri Lanka and Timor-Leste. For females, the country with the highest ASR for protein-energy malnutrition was Maldives at 3,421.6 per 100,000 (ranging from 2,819.4 to 4,204.5), while for males, it was Sri Lanka at 5,876.1 per 100,000 (ranging from 4,963.3 to 6,809.5; Supplementary Tables 16–18; Supplementary Figures 1, 2).


[image: Three world maps labeled A, B, and C illustrate ASR (Age-Standardized Rate) data distribution in different shades of red. Map A shows values ranging from ten thousand to sixty thousand, with darker shades in central Africa. Map B presents values from one hundred to seven hundred, highlighting high ASR in Africa. Map C displays values one thousand to five thousand, with intense concentrations in India and Southeast Asia.]
FIGURE 1
 The ASR of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition for both genders in 204 countries and territories in 2019. (A) Vitamin A deficiency. (B) Iodine deficiency. (C) Protein-energy malnutrition.


In absolute terms, India exhibited the highest cases of vitamin A deficiency, with 292,439,000 cases in 2019, followed by China and Indonesia (Supplementary Table 5). India also bore the greatest burden of individuals affected by iodine deficiency, reporting 37,856,000 cases in 2019, trailed by China and Bangladesh. Notably, India carried the heaviest load of protein-energy malnutrition, with an astounding count of 376,672,000 cases, surpassed by China and Indonesia.



3.2 Changes in the burden of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition over time

Globally, from 1990 to 2019, there has been a declining trend in the ASR of vitamin A deficiency, with a more pronounced decrease in males compared to females. Similar patterns are observed across different SDI regions (Figure 2; Supplementary Figures 3–7). The ASR for iodine deficiency exhibited a global decline from 1990 to 2000, followed by a slow increase from 2000 to 2005, and a subsequent decline. In high SDI, low-middle SDI, and low SDI regions, the ASR for iodine deficiency decreased from 1990 to 2019, while in high-middle SDI and middle SDI regions, there was a pattern of decrease, increase, and then decrease (Figure 2; Supplementary Figures 3–7). From 1990 to 2010, the global ASR for protein-energy malnutrition showed an increasing trend, followed by a decline from 2010 to 2015, and then a subsequent increase. In high SDI, high-middle SDI, and middle SDI regions, the ASR for protein-energy malnutrition exhibited an upward trend from 1990 to 2010, followed by a decline from 2010 to 2015. Conversely, in low-middle SDI and low SDI regions, there was a decline in the ASR from 2010 to 2015. Post-2015, different SDI regions witnessed an upward trend in the ASR for protein-energy malnutrition (Figure 2; Supplementary Figures 3–7). Furthermore, on a global scale and across different SDI regions, the general trend in the ASRs of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition remained consistent from 1990 to 2019 for both males and females. However, the ASR were generally higher in males for vitamin A deficiency and protein-energy malnutrition, while females exhibited higher ASR for iodine deficiency (Figure 2; Supplementary Figures 3–7). In 21 regions worldwide, from 1990 to 2019, the ASR of iodine deficiency in East Asia showed an increasing trend of (EAPC = 0.17; 95% CI: –0.28 to 0.62), mainly among women (EAPC = 0.67; 95% CI: 0.30 to 1.04). The ASR of protein-energy malnutrition in the regions of Australasia, East Asia, Central Europe, Western Europe, and Southern Latin America also showed an upward trend, more pronounced in men than in women (EAPC > 0). No regions were found where the ASR of vitamin A deficiency showed an increasing trend from 1990 to 2019 (EAPC <0; Figure 2; Supplementary Tables 1, 4, 7).


[image: Graphs showing age-standardized rates (ASR) of Vitamin A deficiency, Iodine deficiency, and Protein-energy malnutrition from 1990 to 2019, separated by gender. Top row represents females and bottom row represents males. Data shows a general decline in deficiencies over time, with fluctuations in certain years.]
FIGURE 2
 Changes in the burden of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition over time.


From 1990 to 2019, the ASR of vitamin A deficiency showed a decreasing trend (EAPC <0) in 204 countries globally. Among them, Equatorial Guinea exhibited the most significant decline (EAPC = –9.90; 95% CI: –10.39 to –9.41), followed by Saudi Arabia and Maldives. In both females (EAPC = –9.88; 95% CI: –10.32 to –9.43) and males (EAPC = –10.09; 95% CI: –10.62 to –9.56), Equatorial Guinea showed the most prominent decrease in the ASR for vitamin A deficiency (Figure 3; Supplementary Figures 8, 9; Supplementary Tables 13–15). Twelve countries and regions experienced an increasing trend in the ASR for iodine deficiency from 1990 to 2019. The sequence of this upward trend included the following: Philippines, Pakistan, Nepal, Republic of Moldova, South Sudan, Madagascar, Somalia, China, Kenya, Monaco, Portugal, and Andorra. Among females, the countries and regions with an increasing trend in the ASR for iodine deficiency included Philippines, Nepal, Pakistan, China, Republic of Moldova, South Sudan, and others, while among males, it was mainly observed in countries like Philippines, Somalia, Romania, and others (Figure 3; Supplementary Figures 8, 9; Supplementary Tables 10–12). Turkey, Czechia, Bhutan, Montenegro, Paraguay, Norway, Australia, and China, among others, witnessed an increasing trend in the ASR for protein-energy malnutrition from 1990 to 2019. Notably, among females, this trend was prominent in Czechia, Turkey, Qatar, Paraguay, Norway, Montenegro, and others, while among males, it was observed in Bhutan, Turkey, Czechia, China, Montenegro, Australia, and others (Figure 3; Supplementary Figures 8, 9; Supplementary Tables 16–18).
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FIGURE 3
 The EAPC of iodine deficiency, vitamin A deficiency, and protein-energy malnutrition for both genders in 204 countries and territories from 1990 to 2019. (A) Vitamin A deficiency. (B) Iodine deficiency. (C) Protein-energy malnutrition.




3.3 Age composition of vitamin A deficiency, iodine deficiency, and protein-energy malnutrition

In the year 2019, on a worldwide scale (Figure 4), the occurrence of vitamin A deficiency was predominantly centered on the demographic of children and adolescents. Concurrently, iodine deficiency predominantly impacted adolescents and young adults. The focal point of protein-energy malnutrition was observed predominantly among the age group of children under 5 years old.


[image: Three pyramid charts show age distribution of nutritional deficiency cases by gender. The left chart depicts Vitamin A deficiency, the middle shows iodine deficiency, and the right illustrates protein-energy malnutrition. Each chart divides cases between females (pink) and males (teal), highlighting age and gender differences in each deficiency type.]
FIGURE 4
 Global age-sex distribution of incident cases of iodine deficiency, vitamin A deficiency, and protein-energy malnutrition in 2019.





4 Discussion

Nutritional deficiencies have profound implications for societal development. They compromise individual health and productivity, increase healthcare burdens, and impede economic growth. Furthermore, education and learning outcomes are adversely affected, diminishing the overall developmental potential of nations (11–13). In this study, we conducted a comprehensive analysis of the disease burden associated with vitamin A deficiency, iodine deficiency, and protein-energy malnutrition at the global, regional, and national levels to identify areas where these issues persist as significant public health concerns.

Our research indicates that vitamin A deficiency is particularly prevalent in Central Africa, especially in Cameroon, where the ASR of vitamin A deficiency among men is the highest. Zhao et al.'s study reveals that in 2019, the age-standardized DALY rate for vitamin A deficiency was highest in Central Sub-Saharan Africa, followed by Western Sub-Saharan Africa and again Western Sub-Saharan Africa (14).This condition is primarily influenced by poor dietary patterns, environmental pollution of water and soil, infections and diseases, and insufficient iodine content in salt (15–17). The local population predominantly relies on cereals, tubers, and legumes as their main food sources, while the intake of animal products, green or yellow vegetables, and fruits—foods rich in vitamin A or carotenoids—is relatively low, leading to inadequate vitamin A consumption (18). From 1990 to 2019, the annual incidence rate of vitamin A deficiency has declined, with a more pronounced decrease among men, indicating that the interventions and strategies implemented have achieved some success. Since 2000, mortality due to vitamin A deficiency has decreased by over 50%, likely attributable to improved nutritional status, enhanced water and sanitation conditions (such as the control of diarrhea), vaccination (such as measles vaccination), and vitamin A supplementation programs (19–21). However, the high incidence among women persists, suggesting the need for ongoing efforts and gender-specific strategies. our study highlights that vitamin A deficiency has become a major issue among children and adolescents, a particularly vulnerable group for whom vitamin A is crucial for vision, immune function, and overall growth (22). Global research also identifies vitamin A deficiency in children and adolescents as an increasingly significant problem, underscoring the urgency of addressing this issue (23).

In Central Africa, Equatorial Guinea exhibits the highest ASR of iodine deficiency. Research reports that in 2019, Somalia, the Democratic Republic of the Congo, Djibouti, and the Republic of the Congo had the highest age-standardized prevalence rates. Meanwhile, countries like the Philippines and Pakistan have shown an increasing trend. Geographically, the highest prevalence rates are found in Central Sub-Saharan Africa and South Asia (24). The primary cause is the limited consumption of iodine-rich foods such as seafood, milk, and eggs. Additionally, some foods contain goitrogens, such as thiocyanates and soy isoflavones, which inhibit iodine absorption and utilization, exacerbating iodine deficiency (25). According to a report, low iodine levels in soil and water in the region affect both crops and drinking water, contributing to the deficiency. Moreover, soil and water contamination by heavy metals, pesticides, and industrial effluents further destabilize and reduce iodine availability (15, 26, 27). Consuming iodized salt is an effective and economical method to prevent and control iodine deficiency. However, in sub-Saharan Africa, the coverage and quality of iodized salt remain inadequate, perpetuating the deficiency issue. Contributing factors include weak enforcement of iodization policies, insufficient monitoring and evaluation, outdated technology and equipment, cost-benefit disparities, and socio-cultural barriers (15, 28). This study indicates that the global ASR of iodine deficiency decreased from 1990 to 2000, increased from 2000 to 2005, and then declined again, reflecting the impact of global initiatives, particularly the Universal Salt Iodization (USI) policy (29). According to UNICEF's 2020 report, 124 countries have mandated iodized salt, 21 allow voluntary iodization, and 88% of the global population uses iodized salt (30). However, challenges persist in implementing the USI policy, including inaccurate iodine levels in salt, weak quality control and enforcement, low public awareness and education, and a lack of regular surveys and monitoring of iodine status and iodization program impacts (31). These challenges may explain the ASR increase from 2000 to 2005, as some countries experienced a resurgence or persistence of iodine deficiency due to weakened or interrupted USI policies. Research also indicates a unique global pattern of iodine deficiency, predominantly affecting adolescents and young adults. Adequate iodine intake is crucial for thyroid function, and its deficiency can lead to various health issues, particularly during the critical developmental stages of adolescence and early adulthood (32). Therefore, ensuring sufficient iodine intake in this age group is vital for preventing related health problems.

Protein-energy malnutrition is prevalent in South Asia, affecting both genders equally. Xu et al.'s research indicates that South Asia, Southeast Asia, and East Asia rank highest in age-standardized prevalence (33). This phenomenon is likely linked to the region's dense population and limited land resources. Additionally, climate change, natural disasters, and pests impact agricultural production, resulting in unstable grain yields and subsequent food shortages (33–35). Furthermore, pervasive poverty, low per capita income, and high food prices in South Asia make it challenging for many to access sufficient protein and energy-rich foods (36). Social and cultural factors also play a significant role in food distribution and consumption. In some areas, women and children are disadvantaged in food allocation, leading to insufficient protein and energy intake. For example, in regions like India, religious and cultural practices often limit the intake of animal-based foods, with vegetarianism being widespread (7, 37, 38). Studies show a correlation between the Socio-Demographic Index (SDI) and the ASR of nutritional deficiencies. Regions with lower SDI tend to have lower ASR, indicating that socio-economic factors play a crucial role in the prevalence of nutritional deficiencies (39). This finding underscores the need for comprehensive strategies addressing both nutritional needs and broader socio-economic determinants. In absolute terms, India bears the greatest burden of nutritional deficiencies, followed by China and Indonesia. This may be attributed to their large populations, highlighting the need for country-specific strategies to address these issues. However, it is essential to note that while discussing global averages, significant variations can exist within countries in the same region (40). The global ASR of protein-energy malnutrition has experienced fluctuations since 1990, with an initial rise, a subsequent decline, and another increase post-2015, raising concerns and calls for renewed efforts to address the issue. The rising trend in ASR in regions like Australia, East Asia, Central Europe, Western Europe, and Latin America, particularly among males, warrants attention. This indicates the influence of socio-economic factors on nutritional deficiencies in different SDI regions, necessitating region-specific strategies (33). Protein-energy malnutrition primarily affects children under five, highlighting the importance of addressing nutritional needs early in life. During this critical growth and development stage, deficiencies in protein and energy can have long-term impacts on physical and cognitive development (41). Therefore, early nutritional interventions are vital for healthy childhood development.

To address these global nutritional challenges, comprehensive strategies are imperative. First, targeted public health campaigns should elevate awareness among children and adolescents about the critical importance of a vitamin A-rich diet, emphasizing its roles in vision, immune health, and overall growth. Additionally, strengthening iodine supplementation programs and educational initiatives for adolescents and young adults is crucial to ensure optimal thyroid function and prevent associated health issues. To combat protein-energy malnutrition in children under five, expanding community-based nutrition programs to provide access to nutrient-dense foods and offer nutrition education to caregivers is essential. Collaboration among governments, non-governmental organizations, and international agencies is vital for developing and implementing sustainable solutions, promoting a holistic approach to global nutrition across all age groups.

To the best of our knowledge, this study represents the first comprehensive overview and exploration of global disparities in vitamin A deficiency, iodine deficiency, and protein-energy malnutrition, along with their evolving patterns stratified by gender and age. This research has inherent limitations. Despite the adjustments made in GBD 2019 to account for biases and methodological flaws in low-quality sampling, survey methods, and other data sources, the accuracy of the results is significantly contingent upon the quality and quantity of the input data into the model. Moreover, the absence of diagnostic gold standards and the potential interchangeability of these terms might lead to an underestimation of the scale of these diseases.



5 Conclusions

Over the past several decades, substantial improvements have been made in addressing global issues related to vitamin A deficiency, iodine deficiency, and protein-energy malnutrition. However, progress remains uneven on a global scale, with nutritional deficiencies posing persistent concerns in countries with lower socioeconomic levels. Urgent policy safeguards and ongoing efforts are imperative to control nutritional deficiencies in these regions. Vitamin A deficiency predominantly impacts children and adolescents, while iodine deficiency primarily affects adolescents and young adults. Meanwhile, protein-energy malnutrition is primarily observed among children under the age of 5. These findings underscore the necessity for age-specific interventions tailored to the distinct nutritional needs and challenges of each age group. Further research is warranted to comprehend and tackle the underlying causes of these age-specific trends.
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Background: Metabolic syndrome (MetS) is a collection of medical conditions that elevate the chance of cardiovascular disease. An unhealthy diet is a major risk factors for MetS through different mechanisms, especially systemic chronic inflammation.
Objective: This study aimed to investigate the effect of dietary inflammatory potential on MetS incidence and the role of MetS in the association between Energy-adjusted dietary inflammatory index (E-DII) and cardiometabolic diseases.
Methods: In this prospective cohort study, 10,138 participants were recruited. All participants were divided into MetS or non-MetS groups based on the Adult Treatment Panel III criteria. The E-DII was used to assess the inflammatory potential of diet. After excluding the participants with MetS at baseline, 2252 individuals were followed for 5 years (longitudinal phase), and the effect of E-DII on MetS incidence was investigated using logistic regression models (p-value <0.05).
Results: The cohort’s mean age (45.1% men) was 48.6 ± 10.0 years. E-DII ranged from −6.5 to 5.6 (mean: −0.278 ± 2.07). Higher E-DII score had a 29% (95%CI: 1.22–1.36) increased risk for incidence of MetS and its components during five-year follow-up. Also, E-DII was significantly associated with the prevalence of MetS (OR = 1.55, 95%CI: 1.51–1.59). Among MetS components, E-DII had the strongest association with waist circumference in the cross-sectional study (OR = 2.17, 95%CI: 2.08–2.25) and triglyceride in the longitudinal study (OR = 1.19, 95%CI: 1.13–1.25). The association between E-DII and MetS was consistent in both obese (OR = 1.13, 95%CI:1.05–1.21) and non-obese (OR = 1.42, 95%CI: 1.27–1.60) individuals and stronger among non-obese participants. Additionally, MetS mediated the association between E-DII and hypertension, diabetes, and myocardial infarction.
Conclusion: In conclusion, a pro-inflammatory diet consumption is associated with a higher risk of MetS and its components. Furthermore, a pro-inflammatory diet increases the risk of cardiometabolic diseases. The higher E-DII had a stronger association with MetS, even among normal-weight individuals.
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1 Introduction

Metabolic Syndrome (MetS) is a collection of factors that contribute to a higher likelihood of developing cardiovascular disease (CVD). These conditions are represented by abdominal obesity (assessed by measurement of waist circumference, WC), impaired glucose, high blood pressure, and dyslipidemia, significantly increased levels of triglycerides (TG), and low high-density lipoprotein cholesterol (HDL-C) levels (1). Each of the five MetS components has an independent association with the progression of non-alcoholic fatty liver disease, coronary artery diseases, and stroke, but combining them together in MetS increased their prognostic properties (2). Since all the components of MetS respond to lifestyle changes, it remains the safe and cost-effective treatment for the prevention and treatment of MetS and its components (3, 4).

To date, several successful dietary interventions have been developed to control MetS and prevent its related complications, such as nonalcoholic fatty liver disease, cardiovascular diseases, and diabetes (5). Most of the present dietary recommendations focus on lowering energy intake (6). Although previous dietary recommendations achieved some success in controlling MetS, recent studies showed that diets with anti-inflammatory properties, such as the Mediterranean diet, had more efficiency in the management of MetS and further complications (7).

Nutrition influences the progression of MetS by different mechanisms. Chronic inflammation and prolonged increase of plasma pro-inflammatory factors are essential conditions that provoke, accelerate, and complicate MetS-related disorders such as CVD (8). The Dietary Inflammatory Index (DII) is one of the best tools for assessing the diet’s inflammatory potential, revealing the influence of daily nutrition on plasma inflammatory biomarkers (9). Till now, DII has been updated several times. In 2019, Energy-adjusted DII (E-DII) was introduced to achieve an accurate calculation by adjusting the energy intake and providing a more generalizable index (10). Recent studies showed that higher DII was associated with risk for CVD, MetS, and mortality (11, 12), while others indicated that this association was insignificant (13, 14).

Previous studies have evaluated the association between the diet’s inflammatory potential and MetS and its components. Still, there are controversies in the case of the association between DII and MetS as some studies found a significant positive association, but some studies failed to find a significant association. Also, prospective studies about the association between E-DII and MetS are scarce (15). MetS is a strong predictor of cardiometabolic diseases. Previous studies showed that the pro-inflammatory diet was associated with a greater chance of cardiometabolic diseases such as diabetes and CVD (16). Recent research revealed that more than 30% of Iranian adults had MetS, and cardiovascular disease is the most common cause of mortality in Iran (17). Therefore, the present study aimed to investigate the effect of E-DII on MetS and its related diseases in an Iranian population. Furthermore, this study aimed to evaluate the role of MetS in the association between E-DII and cardiometabolic diseases.



2 Materials and methods


2.1 Study design and population

This prospective study was conducted on the Fasa Adult Cohort Study (FACS) with 10,138 adult participants aged 35 to 70 years old from Sheshdeh, Fasa, Iran. FACS is one of the population-based cohorts of Prospective Epidemiological Research Studies in Iran (PERSIAN), national-wide studies investigating the prevalent noncommunicable diseases, such as CVD, diabetes, MetS, and non-alcoholic fatty liver diseases in Iran. The participants fulfilled written consent before being included in FACS, and comprehensive surveys including sociodemographic, health status, anthropometrics, and food frequency questionnaire (FFQ) were collected from them. The first data collection phase was completed in 2016, and the plasma, urine, hair, and nail samples were stored in the data bank of FACS (18–20). After excluding the participants with missing data, the remaining participants were categorized as MetS and non-MetS, and the association between the E-DII and MetS and further MetS-associated diseases was investigated (Figure 1). Also, the participants were separated into low (<25 kg/m2, n = 1,179) and high (>5 kg/m2, n = 1,037) body mass index to investigate the association of E-DII and MetS among normal and obese patients.
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FIGURE 1
 The flow chart of study.




2.2 Measurements

The complete procedure of data collection was explained elsewhere (18). The sociodemographic characteristics, including age (year), gender (men, women), marital status (single, married, widow, and divorced), occupation (having a job or not), education (no education, primary school, secondary school, university), and physical activity (metabolic equivalent of tasks) activity was included from data bank of FACS. Abusing cigarettes (active smokers or not), alcohol (regular consumption or not), and opium (regular consumption or not). Also, the health status of participants, including having a myocardial infarction (MI), diabetes, hypertension, and stroke, was detected based on self-report, specialist diagnosis, consuming related medication, or recorded medical documents of participants. The anthropometric characteristics of each participant, including body mass index (kg/m2), hip circumference (cm), waist circumferences (cm), wrist circumference (cm), and systolic and diastolic blood pressure (mmHg) were measured and reported based on International Units. TG (mg/dL), fasting blood glucose (mg/dL), and HDL-C (mg/dL) were assessed using the plasma sample gathered at phase one and stored in the data bank of FACS (21).



2.3 Assessment of energy-adjusted dietary inflammatory index

A semi-quantitative 125-item food frequency questionnaire (FFQ) was applied to assess the quality and quantity of food consumed by the participants of FACS. The daily, weekly, monthly, and annual intake of Iranian food over the past year was asked participants to achieve a modified assessment of nutrient consumption appropriate for the Iranian population (22). The FFQ was based on the Willet format questionnaire and altered to fit Iranian dietary habits (23) The United States Department of Agriculture (USDA) determined the portion sizes for each food item (21). Further information regarding the validity and specifics of the FFQ is discussed elsewhere (24).

In this study, EDII was calculated based on FFQ data. The EDII is a quantitative measurement of the inflammatory potential of diet, which assesses the consumption of 45 dietary parameters. These parameters were divided into three groups: anti-inflammatories (scored −1), pro-inflammatory (scored +1), and no inflammatory effect (scored 0). Complete detailed coefficients and formulation of EDII were explained elsewhere (25). From 45 dietary parameters of DII, 31 parameters were included (Vitamin B12, Vitamin B6, Beta Carotene, Caffeine, Carbohydrate, Cholesterol, Energy, Total fat, Fiber, Folic acid, Garlic, Fe, Mg, MUFA, Niacin, n-3 Fatty acids, n-6 Fatty acids, Onions, Proteins, PUFA, Riboflavin, Saturated fat, Se, Thiamin, Trans fat, Vitamin A, Vitamin C, Vitamin D, Vitamin E, Zn, and peppers). The dietary intake was calculated for each participant. To calculate the z-score for each individual, the standard global mean was subtracted the standard global mean from the dietary intake of each parameter. Then, it is divided by the international standard deviation. Then, obtained values were converted to centered percentile scores to minimize the effect of right skewing- the proportion centered by doubling and subtracting 1. Then, we multiplied the centered percentile value by the inflammatory effect score of each food parameter based on Shivappa et al.’s study. All scores were summed to obtain the overall DII score for each participant (25). To adjust DII for energy, all dietary parameters were converted to the food intake per 1,000 calories (26).



2.4 Assessment of MetS and cardiometabolic diseases

The MetS was assessed based on Adult Treatment Panel III, which is appropriate for screening MetS with a high sensitivity in large populations (27). In this definition, the individuals who pass three or more inclusion criteria are called MetS. The five include: 1. High waist circumference (men: >102 cm, women: > 88 cm); 2. High blood pressure (systolic >130 mmHg or diastolic >85 mmHg); 3. low HDL-C (<40 mg/dL for men and < 50 mg/dL for women); 4. High TG (> 150 mg/dL); 5. High fasting blood sugar (>100 mg/dL). Hypertension (HTN), stroke, MI, and diabetes were based on the participants’ medical records of electronic documents in FACS (21).



2.5 Statistical analysis

The data from the present study was recorded and analyzed in IBM SPSS Version 23 (Armonk, NY: IBM Corp.). The qualitative and quantitative variables were reported as frequency (percent) and mean (standard deviation). The independent t-test and chi-square were used to compare the mean of quantitative and frequency of qualitative variables among the MetS and the non-MetS groups. The factors with considerable differences (p-value <0.20) were included as potential covariates (age, gender, education, occupational status, physical activity, socioeconomic status, smoking, opium, and alcohol) for multivariate analysis. Then, Wald’s logistic regression model was applied to investigate the final significant covariates (age, gender, education, physical activity, socioeconomic status, and smoking). The crude and adjusted association of E-DII with MetS and related diseases was analyzed using logistic regression. The significant level was considered as p-value <0.05.


Ethics

All steps of this prospective study followed the Helsinki Declaration and were confirmed by the Ethics Committee of Fasa University of Medical Sciences (IR.FUMS.REC.1401.162). Each participant of the FACS fulfilled a written informed consent and was aware of the aim of FACS (14). The data of the present study were extracted from the FACS database.





3 Results

In the first cross-sectional phase, 10,030 individuals (mean age of 48.6 ± 10.0 years), including 4,523 (45.1%) men. The mean of E-DII was −0.278 ± 2.07, ranging from −6.5 to 5.6. Approximately 23.8% (n = 2,390) of participants had MetS in phase one. Table 1 shows the baseline characteristics and compares them between participants with and without MetS. The female participants significantly had a higher rate of MetS. The prevalence of hypertension, MI, diabetes, and stroke was significantly higher in the MetS group. Also, the participants with MetS had lower education, physical activity, and socioeconomic status. Interestingly, smoking, opium, and alcohol consumption were significantly lower among individuals with MetS (p-value was <0.001 for all). Furthermore, participants with MetS consumed lower amounts of anti-inflammatory nutrients such as vitamins, magnesium, selenium, fiber, and caffeine. However, there was no significant difference in consumption of zinc and n6-fatty acids between participants with and without MetS (Supplementary Table S1).



TABLE 1 Comparing the baseline characteristics of the studied population among non-MetS and MetS groups (n = 10,030).
[image: Table displaying demographic and health variables compared between Non-MetS and MetS groups with p-values. Variables include age, gender, diabetes, hypertension, education, physical activity, socioeconomic status, smoking, substance use, body measurements, cholesterol, and blood pressure. Significant differences are observed across most variables with p-values less than 0.001.]

As presented in Table 2, the E-DII was significantly associated with MetS and its components. These results were consistent after adjusting the model for confounding factors. The highest association was observed between E-DII and high WC as an indicator of obesity in MetS.



TABLE 2 Unadjusted and adjusted association of energy-adjusted dietary inflammatory Index (continuous) as a predictor of the prevalence of metabolic syndrome (n = 2,390) and its five components separately as outcome variables in the logistic regression model (n = 10,030).
[image: Table showing odds ratios and p-values for various health variables. Unadjusted and adjusted odds ratios are provided for metabolic syndrome (MetS), low HDL-C, high blood pressure (BP), high triglycerides (TG), high fasting blood sugar (FBS), and high waist circumference (WC). Notable findings include significant results for all variables, particularly high WC with an adjusted odds ratio of 2.17. Data adjust for age, gender, education, and other factors.]

After excluding the participants with MetS at baseline, 568 out of 2,252 participants were diagnosed with metabolic syndrome during 5 years of follow-up. Table 3 shows the association of E-DII with the five-year incidence of MetS, OR 1.55 and 95%CI: (1.51, 1.59), and its components after excluding the participants who had MetS in the baseline. The participants with higher E-DII had a significantly higher chance of incidence of MetS and its components. Also, these associations remain significant after adjusting for age, gender, physical activity, and opium. The association of E-DII with MetS and its component was more significant among the participants with normal body mass index compared with obese participants (Table 4).



TABLE 3 Unadjusted and adjusted association of energy-adjusted dietary inflammatory index (continuous) as a predictor on the 5-year incidence of metabolic syndrome (n = 568) and its five components separately as outcome variables in the logistic regression model (n = 2,252).
[image: Table showing logistic regression results for associations of the Energy-adjusted Dietary Inflammatory Index with metabolic syndrome factors. It includes unadjusted and adjusted odds ratios (OR) with 95% confidence intervals and p-values for variables: metabolic syndrome (MetS), low HDL-C, high blood pressure (BP), high triglycerides (TG), high fasting blood sugar (FBS), and high waist circumference (WC). All p-values are less than 0.001.]



TABLE 4 The association of energy-adjusted dietary inflammatory index (continuous) with the incidence of metabolic syndrome and its component, considering body mass index (n = 2,252).
[image: Table showing odds ratios (OR) and P values for metabolic health variables comparing low and high BMI groups. Variables include Metabolic Syndrome, low HDL-C, high BP, high TG, high FBS, and high WC. Data is adjusted for age, gender, physical activity, and opium use, with significant findings particularly noted in the low BMI group for Metabolic Syndrome, low HDL-C, high BP, high TG, and high WC, while the high BMI group shows some significant results for Metabolic Syndrome, high BP, and high TG.]

Table 5 shows the association of E-DII with the diseases associated with MetS. The crude models showed that E-DII had a significant positive association with diabetes, hypertension, cardiovascular disease, MI, stroke, and fatty liver disease. Also, these associations remained significant after adjusting for confounding factors for each disease (addressed in Table 5). Then, Model 2 showed the role of MetS in these associations. Comparing Model 2 and Model 1 showed that adjusted for MetS decreased the OR for diabetes and hypertension, though they remained significant. Adjusting for MetS in the association of E-DII with MI decreased the OR and made the association insignificant. Remarkably, the OR of the association between E-DII and fatty liver disease increased after adjusting for MetS.



TABLE 5 The association of energy-adjusted dietary inflammatory index (continuous) with diabetes, hypertension, cardiovascular disease, myocardial infarction, stroke, and fatty liver disease, with and without considering the role of metabolic syndrome (n = 10,030).
[image: Table showing odds ratios (OR) with 95% confidence intervals for four variables: DM, HTN, MI, and Stroke across Crude, Model 1, and Model 2, along with p-values. DM shows a decreasing OR from 1.21 in Crude to 1.05 in Model 2. HTN goes from 1.21 to 1.04. MI decreases from 1.15 to 1.08. Stroke goes from 1.12 to 1.03. All adjustments are specified in footnotes.]



4 Discussion

The present study was conducted on the FACS population to investigate the association between the diet’s inflammatory potential with prevalence and 5-year incidence of MetS. Our analysis indicated that a pro-inflammatory diet is significantly associated with a higher risk of developing MetS and its components in cross-sectional and prospective study designs. Furthermore, our results suggested that the association between E-DII and WC is more vital than other components. Interestingly, our study revealed that the pro-inflammatory diet increased the chance of MetS in both obese and normal-weight individuals. Still, the association is stronger among normal-weight participants than obese ones. This explains the prominent role of the inflammatory potential of diet in the progression to MetS among lean individuals and the prevention of MetS among obese people. In addition, we found that MetS mediated the association between E-DII and non-communicable diseases, including diabetes, MI, and hypertension. The pro-inflammatory diet increases the risk of these non-communicable diseases through MetS. Therefore, an anti-inflammatory diet decreases the risk of developing MetS and prevents cardiometabolic diseases.

In contrast to our findings, several studies reported no significant association between DII and MetS (29–33). There may be different reasons for their negative results. For instance, one study used a single 24-h recall, which did not provide sufficient information about participants’ dietary habits (22).

Similar to our study, previous observations showed that a pro-inflammatory diet (measured mainly by DII) had a significant positive association with MetS (27–31). A cross-sectional study of 1,992 Irish participants indicated that individuals with higher E-DII scores had a 37% increased risk of MetS (28). Additionally, Mazidi et al. revealed that individuals in the fourth quartile of E-DII had a 23% greater chance for MetS (29). The data from the Supplémentation en Vitamines et Minéraux AntioXydants (SU.VI.MAX) cohort consisting of 3,726 French participants with 13 years of follow-up showed that participants with the highest pro-inflammatory diet had a 39% greater chance for developing MetS (30). Furthermore, two cross-sectional studies in Iran showed a positive significant association between DII and MetS (31, 32).

A few systematic reviews and metanalysis attempt to evaluate the association of DII with MetS and its components (15, 33). A systematic review of studies found that participants in the pro-inflammatory diet had a significantly higher risk of MetS (OR = 1.23, 95%CI: 1.10–1.38) and its components except low HDL-C (33). Another systematic review and meta-analysis confirmed the association between DII and MetS (OR = 1.13, 95%CI: 1.03–1.25) but only found a significant association between DII and the two components of MetS, such as hypertension and hyperglycemia (15).

Our findings indicated that despite the strong association between E-DII and WC in cross-sectional analysis, the prospective analysis revealed that the TG level is the most critical component. Although there is an agreement with the positive association between the inflammatory potential of the diet and MetS with limited controversies, the most critical element of MetS that plays the central role in this association has remained controversial among previous studies. A prospective study in Korea indicated that higher DII was associated with higher risk for MetS and its components. The strongest association was between DII and HDL-C levels. However, the stratified analysis for sex showed that the association between DII and MetS was only consistent among women (34). A study of 100 Mexican individuals from infancy through adulthood found that the cumulative effect of the pro-inflammatory diet over the years increased the risk of MetS (35). A study of 8,180 participants from the 2007–2018 National Health and Nutrition Examination Survey (NHANES) indicated that individuals in the highest quartile of DII had a 1.59 times greater chance of MetS. Also, this study showed TG level had the strongest association with DII (β = 2.795) among MetS components (36). Also, a study in northern China showed that DII is significantly associated with MetS and its components. Wrist circumference had the strongest association with DII (37). Therefore, it is still unclear whether the dietary potential of diet had the most significant association with which MetS component. The findings of a previous study on FACS by Ariya et al. showed that adjusting the association of DII with MetS for BMI, as a well-known indicator of obesity (especially central obesity), did not remain significant anymore. Therefore, central obesity, the essential component of MetS, would be one of the most likely mediators of the association between DII and MetS, which matches our findings (38).

Higher E-DII is associated with obesity, which would mediate the effect of a pro-inflammatory diet on cardiometabolic diseases (39). Also, visceral obesity increases the pro-inflammatory biomarkers. Current evidence supports the idea that inflammation is a prime part of MetS pathophysiology. A pro-inflammatory state eventuates into insulin resistance and MetS components such as hypertension, dyslipidemia, and hyperglycemia. Adipose tissue modulates the inflammation by secreting adipokines. Adipose tissue produces TNF-α, IL-6, and monocyte chemoattractant protein-1 (MCP-1), which attract monocytes. Migrated monocytes produce more cytokines, disrupting insulin signaling by activating the intracellular kinases that cause serine phosphorylation of insulin receptor substrate-1 (IRS-1). Adiponectin is a hormone with anti-inflammatory effects excreted by fatty tissue, which regulates lipid and glucose metabolism. People with a higher proportion of adiposity have lower levels of adiponectin. Lower levels of adiponectin result in activating pro-inflammatory cytokines and decreased levels of anti-inflammatory cytokines like IL-10 (40, 41). As mentioned earlier, dietary patterns have a considerable role in developing MetS as well as modulating inflammation. Results from the HELENA study revealed that higher DII scores were significantly associated with higher levels of pro-inflammatory cytokines such as IL-1, IL-6, TNF-α, and vascular cell adhesion molecule (VACM), among European adolescents (42). Therefore, it is important to decrease the inflammatory potential of diet in younger individuals to prevent development of MetS and its related diseases in adulthood. Also, previous studies showed DII was significantly associated with C-reactive protein level which demonstrates the inflammatory status (43, 44). Moreover, increased saturated fatty acids (SFA), which is one of the pro-inflammatory components of DII, lead to the activation of toll-like receptors (TLR) which facilitate insulin resistance by activating intracellular kinases. Additionally, activated kinases upregulate the nuclear factor kappa-B (NF-kB) which results in interfering insulin signaling through increased amounts of pro-inflammatory cytokines (40). Taken together, the pro-inflammatory diet has a paramount contribution in developing MetS through modulating inflammatory cytokines. Additionally, people with obesity are in a higher inflammatory state than lean individuals because of adipose tissue dysfunction (45). Therefore, an equal inflammatory potential of diet has a greater effect on the inflammatory state of lean individuals explaining the stronger association between E-DII and MetS among non-obese participants.

Strengths and limitations. The present study had several strengths. This study was conducted in a longitudinal design with 5 years of follow-up in a large-population cohort study. Furthermore, this study used the data from FACS, a validated comprehensive study of more than 10,000 people with detailed information about the participants, which allowed us to use multi-variable adjustments in the analysis. In addition, E-DII was used to estimate the diet’s inflammatory potential, which is more accurate than DII.

Also, our study had some limitations. The follow-up was conducted for a proportion of the participants included in the cross-sectional phase. Besides, our FFQ contained 31 parameters of 45 anti- or pro-inflammatory parameters of E-DII.



5 Conclusion

The present study revealed the significant association of the diet’s inflammatory potential with the prevalence and 5-year incidence of MetS and its components, especially central obesity, among adult population. Therefore, obesity and a pro-inflammatory diet would have a two-way synergic effect, increasing inflammation and provoking MetS and its further complications. Also, our findings indicated that E-DII would have a significant role in the progression of MetS among non-obese participants. Moreover, MetS mediates the association between E-DII and cardiometabolic diseases. In conclusion, controlling the inflammatory potential of diet would be a promising way to prevent MetS and cardiometabolic diseases.
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Background: Limited and inconclusive data from observational studies and randomized controlled trials exist on the levels of circulating micronutrients in the blood and their association with respiratory infections.
Methods: A Mendelian randomization (MR) analysis was conducted to assess the impact of 12 micronutrients on the risk of three types of infections [upper respiratory tract infections (URTI), lower respiratory tract infections (LRTI), and pneumonia] and their 14 subtypes. This study utilized a bidirectional MR approach to evaluate causal relationships and included a range of sensitivity analyses and multivariable MR to address potential heterogeneity and pleiotropy. The threshold for statistical significance was set at p < 1.39 × 10−3.
Results: Meta-analysis revealed that higher levels of circulating copper were significantly associated with a reduced risk of URTI (odds ratio (OR) = 0.926, 95% CI: 0.890 to 0.964, p = 0.000195). Additionally, copper demonstrated a suggestive association with a reduced risk of LRTI (p = 0.0196), and Vitamin B6 was nominally associated with a reduced risk of pneumonia (p = 0.048). Subtype analyses further indicated several suggestive associations: copper reduces the risk of acute pharyngitis (p = 0.029), vitamin C increases the risk of critical care admissions for pneumonia (p = 0.032) and LRTI (p = 0.021), and folate reduces the risk of viral pneumonia (p = 0.042). No significant connections were observed for other micronutrients.
Conclusion: We observed a genetically predicted potential protective effect of copper in susceptibility to upper respiratory infections. This provides new insights for further research into the role of micronutrients in the prevention and treatment of infection.
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Introduction

Infections have long been considered one of the major causes of significant health loss globally. Specifically, respiratory infections are a leading cause of morbidity and mortality annually worldwide (1). Acute upper respiratory tract infections (URTI) are among the most common diagnoses in global primary care due to their high incidence rate, with 17.2 billion cases occurring annually worldwide (2). Lower respiratory tract infections (LRTI) represent the primary infectious factor contributing to mortality and rank as the fifth-leading cause of death globally (3). LRTI was a major cause of illness and death in children, particularly those under five years of age (3). Pneumonia, the most common type of LRTI, accounts for 30% of all respiratory system deaths, according to data from the Organization for Economic Cooperation and Development (4). Infections impose a heavy burden on families and societies. Thus, preventing, diagnosing early, and treating these infections pose significant challenges to public health systems, making it crucial to identify modifiable risk factors for these infections. Today, while some infection-related risk factors, such as BMI (5) and lifetime smoking (6), have been identified, the role of circulating micronutrients in the pathogenesis of infections remains unclear.

Micronutrients in the blood, including various vitamins (such as vitamin A, vitamin B6, vitamin B12, folate, vitamin C, vitamin D, and vitamin E) and trace elements [like copper (Cu), zinc (Zn), selenium (Se), magnesium (Mg)], play a crucial role in the immune system (7). Therefore, their deficiency can increase the likelihood of host infections. Conversely, severe or recurrent infections can also increase the risk of malnutrition. Observational studies have found that deficiencies in vitamins A and C are associated with increased susceptibility to respiratory infections (8). However, some randomized controlled trials have produced inconsistent results, indicating that supplementation with vitamins A and C does not improve the incidence or duration of LRTI (9, 10). Other researchers believe that lower levels of vitamin D are associated with an increased risk and severity of acute respiratory infections (11, 12), yet some studies show contrary evidence, finding no difference in vitamin D status between LRTI patients and control groups (13), and no significant correlation between low levels of vitamin D and a higher rate of influenza (14). It is noteworthy that these observational study results vary greatly, potentially influenced by underlying confounding factors or reverse causality, which is unavoidable in traditional epidemiological research.

Mendelian randomization (MR), utilizing genetic variations as instrumental variables (IVs), effectively circumvents the confounding factors often unmanageable in observational studies and minimizes the likelihood of reverse causation. This approach is widely used to assess causal relationships between risk factors and diseases. In the absence of randomized controlled trials (RCTs) or when initiating new RCTs is not feasible, MR serves as a crucial alternative strategy, offering reliable evidence on the causal links between exposures and disease risks (15).

Given the lack of evidence on the relationship between circulating micronutrients in blood and respiratory infections, we aimed to integrate genome-wide association study (GWAS) resources to evaluate their causal links using the MR approach. We hypothesized that levels of micronutrients are associated with the risk of respiratory tract infections. Specifically, we identified 12 micronutrients [calcium (Ca), beta-carotene, Cu, folate, Fe, Mg, phosphorus, Se, vitamin B6, vitamin C, vitamin D, and Zn] related to infection and assessed their relationship with URTI, LRTI, pneumonia, and their 14 common subtypes, providing feasible strategies for early prevention and improvement of respiratory infection.



Materials and methods


Study design

This study is reported according to the STROBE-MR guidelines (Supplementary Table S1). Figure 1 and Supplementary Figure S1 illustrate the study design, outlining the included studies and key steps. Our MR analysis adhered to three assumptions. Firstly, the selected instrumental variables (IVs) must be strongly associated with the micronutrients. Secondly, the IVs should not be linked with confounding factors that affect both micronutrients and respiratory infections. Thirdly, the instrumental variables should influence respiratory infections only through the micronutrients, thus avoiding horizontal pleiotropy.
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FIGURE 1
 Using Mendelian randomization to study the causal relationship between micronutrients and respiratory infection. UVMR, Univariate Mendelian randomization; MVMR, Multivariate Mendelian randomization; BMI, body mass index.


In summary, we conducted a comprehensive MR study using publicly available summary data from 32 GWAS studies, to assess the relationship between micronutrient levels and various respiratory infections. Our analysis included data from 12 exposure and 20 outcome studies, all limited to participants of European descent to minimize population stratification bias. Our analysis was bidirectional, first assessing the causal impact of 12 micronutrients on three common respiratory infections. Summary data for these infections were obtained from two independent GWAS consortia, used for initial and replication analyses, followed by a meta-analysis for result consolidation. Secondly, we conducted subtype analyses for each respiratory infection and finally investigated reverse relationships.

Our study uses publicly accessible data from studies that already have the necessary participant consent and ethical authorization, hence our study did not require separate institutional ethics approval.



GWAS data on micronutrients

A literature search was performed using PubMed1 for published GWAS data on micronutrients related to European populations, with the last search conducted on June 1, 2023. GWAS studies on cobalt, sodium, molybdenum, potassium, chromium, and vitamin K were excluded due to the absence of significant top SNPs (p < 5 × 10−8) (16–18). Initially, we identified 15 potential micronutrients: Ca (19), beta-carotene (20), Cu (21), folate (22), Fe (23), Mg (17), phosphorus (24), Se (25), vitamin A (26), vitamin B6 (27), vitamin B12 (22), vitamin C (28), vitamin D (29), vitamin E (30), and Zn (21), However, vitamins A and E were not included as their respective GWAS had been corrected for variations in body mass index (BMI), potentially biasing the genetic effects due to this adjustment (31). To avoid potential sample overlap issues between studies, we did not use GWAS data on micronutrients from the UK Biobank (32) and the FinnGen Consortium (33). Ultimately, 13 micronutrients were finalized as our exposure factors. A summary description for each exposure was provided in Supplementary Table S2.



GWAS data on respiratory infections

Our primary MR analysis targeted three types of respiratory infections: URTI, LRTI, and pneumonia. We used GWAS data from two separate European ancestry cohorts for these outcomes, namely the UK Biobank (32) and FinnGen Release 9 (33). The UK Biobank is a substantial biomedical research database, established in 2006, containing samples from 500,000 individuals for research on diseases, genetics, and lifestyle. FinnGen is an extensive Finnish cohort study amalgamating disease endpoint genetic data from Finnish biobanks and health records. More information can be found on FinnGen’s website.2 We investigated the link between genetic variants in trace nutrients and respiratory infections, starting with FinnGen Release 9’s latest GWAS data as our discovery cohort, followed by replication analysis using UK Biobank data, and concluding with a combined meta-analysis to confirm our hypotheses.

Our subtype analysis involved examining summarized data from the UK Biobank and FinnGen Release 9. We identified four URTI subtypes (acute nasopharyngitis, influenza, acute pharyngitis, and other and unspecified tonsillitis), four LRTI outcomes (bronchiectasis, acute bronchiolitis, acute bronchitis, and critical care admission with LRTI), and six pneumonia disease states (asthma-related pneumonia, bacterial pneumonia, viral pneumonia, pneumonia mortality, critical care admission with pneumonia and 28-day pneumonia mortality in critical care). These were chosen as secondary outcomes to assess the connection between circulating micronutrients and the risk of different subtypes and severity levels of respiratory infections. Of the 14 subtypes analyzed, data for the different severity outcomes of LRTI and pneumonia were obtained from the Hospital Episode Statistics (HES) of the UK Biobank, with the rest sourced from FinnGen Release 9. For more details on the outcomes, see Supplementary Table S3.



Effect size estimate and sensitivity analysis

For each micronutrient, top independent SNPs were chosen based on a rigorous threshold (p < 5 × 10−8), discarding those with linkage disequilibrium of r2 < 0.001 with 10,000-kb windows and palindromic SNPs. We evaluated the strength of each IV using F-statistics, with all selected SNPs presenting an F-statistic greater than 10, suggesting a low likelihood of being weak instrumental variables (Supplementary Table S4).

For MR analyses, the inverse variance-weighted (IVW) method is the main approach using a random-effects model to assess the causal impact of circulating micronutrients on respiratory infections. IVW is the main method commonly used in MR Studies, which combines all Wald ratios for each SNP to provide a summary estimate, avoiding confounding factors and obtaining an unbiased estimate of the effect size in the absence of horizontal pleiotropy (34). We also used supplementary methods, including the MR-Egger (slope-intercept) and weighted median (WM) approaches, estimating effect sizes using the Wald ratio of each SNP when only one is available. To ensure the reliability of our conclusions, sensitivity analyses were performed to examine heterogeneity and pleiotropy in the genetic factors that might skew the results of Mendelian MR. Firstly, for exposures with three or more SNPs, we checked for consistency in effect size direction across three methods (IVW, WM, and MR-Egger). Secondly, we assessed heterogeneity with Cochran’s Q test (35) across the gene IVs used in both cohorts. Thirdly, the degree of horizontal pleiotropy was evaluated using the Egger intercept method (36). Fourthly, we applied the MR-PRESSO test to identify outliers (37), and conducted the MR-PRESSO heterogeneity global test to detect the potential horizontal pleiotropy. Fifthly, leave-one-out sensitivity analysis was performed by sequentially removing each SNP, ensuring MR estimates were not driven by certain strong SNPs.

In the primary MR analysis, we conducted a replication analysis of GWAS data for URTI, LRTI, and pneumonia from the UK Biobank, assuming that both databases had complete summary statistics. We then utilized the random-effects model from the meta package (38) (version 6.5) to merge results from both the FinnGen cohorts and the UK Biobank. The combined results from this meta-analysis were regarded as the final estimates of causal effect sizes.



Multivariate MR analysis and directivity test

To address confounding in our analysis, we performed a multivariate MR analysis. This process was aimed at identifying whether the candidate micronutrients under study independently influence respiratory infections, considering multiple genetic variations and confounding factors. We sourced summary data for two well-known risk factors associated with respiratory infections: BMI (5) and lifetime smoking (6). The BMI data were derived from the GIANT consortium (dataset IDs: ieu-a-90, ieu-a-91, ieu-a-92) (25), and the lifetime smoking data (39) were from the UK Biobank. Detailed GWAS information for these studies was provided in Supplementary Table S5.

To determine the possibility of reverse causation between the candidate micronutrients and outcomes, we undertook two directional tests. First, we performed the MR Steiger test (40) to assess the direction of the associations. Following this, a reverse MR analysis was carried out, treating respiratory infections as the exposure and the candidate micronutrients as the outcome.



Supplementary analysis using less stringent criteria for the selection of genetic instruments

Lastly, the validation of the link between Cu and upper respiratory tract infections can be found in the results section, we performed an additional analysis. Due to the limited number of available IVs for Cu (only two) found at stricter thresholds (p < 5 × 10−8 and r2 < 0.001 within 10,000-kb windows), which hindered the heterogeneity and horizontal pleiotropy tests, we adopted a looser threshold (p < 5 × 10−6 and r2 < 0.001 within 10,000-kb windows). We then reanalyzed URTI outcomes from both FinnGen and UK Biobank cohorts using MR analysis and subsequently further compared the meta-combined MR results with the initial effects.



Statistical analyses

All data analyses were carried out using the R package “TwoSampleMR” and “MRPRESSO” of R software 4.2.3.3 The GWAS meta-analyses were mainly performed using a random-effects model provided by the “meta” package (version 6.5). Considering multiple tests, the Bonferroni-adjusted level of statistical significance (for 12 exposures and 3 outcomes) was established at p = 1.39 × 10−3 (0.05/36). p-values falling between 0.05 and 0.00139 were deemed to have nominal significance. Power analysis was conducted using the online resource at http://cnsgenomics.com/shiny/mRnd/, where the primary parameters included the outcome’s sample size, case proportion, OR, and R2. In our research, we considered only those micronutrients with an R2 greater than 1% or those with over 50% statistical power for at least one respiratory infection outcome, thereby excluding vitamin B12 (Supplementary Tables S2, S6).




Results

The circulating micronutrients had between 1 to 11 instrumental variables, with a median count of 4. These SNPs had F-statistics ranging from 16 to 711, with the median at 49, clearly above the traditional threshold of 10, suggesting a very low probability of weak instrument variables. One SNP for vitamin C (rs13028225) was unavailable in all outcome datasets. Two SNPs for phosphorus (rs1697421, rs9469578) were removed due to incompatible alleles.


Impact of micronutrient levels on overall risk of respiratory infections

Following our initial selection of instruments, we conducted a preliminary evaluation of the relationship between 12 circulating micronutrients and the risks of URTI, LRTI, and pneumonia. In the FinnGen discovery cohort, we observed one significant causal relationship and two suggestive associations (Supplementary Tables S7–S9). Specifically, genetically predicted Cu levels showed a notable protective effect against the occurrence of URTI [odds ratio (OR) = 0.924, 95%CI: 0.888 to 0.963, p = 0.000159, IVW] (Supplementary Table S7). Sensitivity analysis results were presented in Supplementary Table S10, the p-value obtained from Cochran’s Q test indicated no heterogeneity (p = 0.419). However, given the restricted number of available SNPs, with only two available, it was not possible to conduct MR-PRESSO and MR-Egger regression analyses. Additionally, two micronutrients show suggestive associations with the outcomes: Cu (reduces the risk of URTI, p = 0.038, IVW) (Supplementary Table S7) and zinc (decreases the risk of pneumonia, p = 0.047, IVW) (Supplementary Table S9). In the sensitivity analyses of these two suggestive associations, the p-values from Cochran’s Q tests indicated no heterogeneity. The MR-Egger assessment for horizontal pleiotropy between the IVs and outcomes showed insufficient evidence of horizontal pleiotropy (Supplementary Table S10).

After replication and meta-analysis in the UK Biobank, with Bonferroni correction applied, the only statistically significant association identified between micronutrients and infections was the genetically estimated levels of Cu in the blood and their association with URTI. An increase of one standard deviation (SD) in the genetically predicted blood levels of Cu was associated with an OR of 0.926 (95% CI, 0.890 to 0.964, p = 0.000195), as confirmed in the meta-analysis (Figure 2; Supplementary Table S7). Additionally, as shown in Supplementary Table S6, the analysis power for the causal relationship between Cu and URTI was 98%, further confirming the reliability of our results. Furthermore, the meta-analysis indicated two suggestive associations: Cu shows a nominal relationship with decreased risk of LRTI (OR = 0.939, 95% CI: 0.892 to 0.990, p = 0.0196) (Figure 2; Supplementary Table S8), and Vitamin B6 displays a nominal protective effect against the risk of pneumonia (OR = 0.924, 95% CI: 0.854 to 0.999, p = 0.048) (Figure 2; Supplementary Table S9).
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FIGURE 2
 Forest plot for the meta-analysis of circulating micronutrients levels on the risk of respiratory infection. Nsnp, number of SNP; OR, odds ratio; CI, confidence interval; Ca, calcium; Cu, copper; Fe, iron, Mg, magnesium; Se, selenium; Zn, zinc.


We observed almost no evidence of an association between the blood levels of calcium, β-carotene, folate, iron, magnesium, phosphorus, selenium, vitamin C, vitamin D, and zinc with the overall risk of URTI, LRTI, and pneumonia (Figure 2; Supplementary Tables S7–S9).



Associations between micronutrients and specific subtypes of respiratory infections

Our study evaluated the link between 12 micronutrients and 14 subtypes of respiratory infections, detailed in Figure 3 and Supplementary Table S11. We found four preliminary associations (p < 0.05) involving three micronutrients and four infection subtypes. Specifically, there appeared to be suggestive causal relationships between genetically predicted serum Cu levels and acute pharyngitis (OR = 0.855, 95% CI: 0.744 to 0.984, p = 0.029, IVW), vitamin C and critical care admission with LRTI (OR = 2.213, 95% CI: 1.129 to 4.338, p = 0.021, IVW), vitamin C and critical care admission with pneumonia (OR = 1.392, 95% CI: 1.030 to 1.882, p = 0.032, IVW), and folate and viral pneumonia (OR = 0.602, 95% CI: 0.368 to 0.982, p = 0.042, IVW). Despite this, sensitivity analyses found no evidence of heterogeneity or pleiotropy (Supplementary Table S11), and these associations did not meet our stringent statistical threshold after the Bonferroni correction.
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FIGURE 3
 Heatmap showing the causal effects of circulating micronutrients levels on respiratory infection subtypes risk by using IVW or wald ratio method. IVW, inverse-variance weighted; Ca, calcium; Cu, copper; Fe, iron, Mg, magnesium; Se, selenium; Zn, zinc; LRTI, lower respiratory tract infections.


Furthermore, no clear evidence was found linking blood levels of calcium, β-carotene, iron, magnesium, phosphorus, selenium, vitamin B6, vitamin D, or zinc with the risk of developing any of the four subtypes of URTI, four subtypes of LRTI, or six outcomes of pneumonia.



Multivariable MR analyses and directionality test

Further multivariable MR studies assessing the influence of potential risk factors [BMI (5) and lifetime smoking (6)] on the relationship between Cu and URTI. The results, adjusted for each risk factor, indicated a similar effect as our primary analysis (Table 1). In our directionality test, the initial Steiger test did not support a reverse causal relationship between Cu and URTI (Supplementary Table S12). Furthermore, reverse MR analysis using significant, independent SNPs associated with URTI outcomes confirmed that URTI does not influence circulating Cu levels in the blood, suggesting a minimal likelihood of a reverse causal effect, as detailed in Supplementary Table S13.



TABLE 1 Multivariable Mendelian randomization analyses of Cu with common risk factors for URTI adjusting for potential risk of factors.
[image: Table showing models analyzing upper respiratory infection (URTI) with odds ratios and p-values. The unadjusted model has an OR of 0.926 and a p-value of 1.95E-04. Adjustments for obesity across classes show varying ORs: Class 1 is 0.920, Class 2 is 0.930, and Class 3 is 0.925. Combined adjustment for all classes shows an OR of 0.921. Adjustment for lifetime smoking gives an OR of 0.951. All have significant p-values ranging from 4.25E-10 to 0.011.]



Supplementary analyses

In our additional analysis exploring the link between Cu and upper respiratory infections, we used a relaxed threshold criteria (p < 5 × 10−6 and r2 < 0.001 over 10,000-kb windows), identifying six instrumental variables. Supplementary Table S14 shows detailed information about these six instrumental variables, with the lowest F-statistic being 21, indicating a low likelihood of weak instruments. The IVW method resulted in an OR of 1.04 (95% CI, 0.969 to 1.040, p = 0.842), but with notable heterogeneity (Cochran’s Q test p = 5.18 × 10−3). This heterogeneity disappeared after removing rs12582659 and rs10014072. Subsequently, utilizing the remaining four SNPs as IVs for Cu, we reconducted MR analyses on URTI in the FinnGen and UK Biobank cohorts. This meta-analysis of these results produced an effect similar to our primary findings, with an OR of 0.947 (95% CI, 0.901 to 0.995, p = 0.033, IVW) (Supplementary Table S15; Supplementary Figure S2).




Discussion

This MR research focused on examining the possible connections between 12 circulating micronutrients and respiratory infections. Our findings revealed associations of potential statistical significance with five micronutrients. After multiple correction tests, we established a strong and robust causal link between one micronutrient and respiratory infections. We ruled out the possibility of reverse causation, confirming that the identified micronutrient is a precursor to infection, not a result. Specifically, high levels of genetically predicted circulating Cu in the blood were closely associated with a lower risk of upper respiratory tract infections. This research is the first of its kind to use MR methods to thoroughly examine the causal connections between various micronutrients in the blood and the susceptibility, severity, and subtypes of respiratory infections.

Cu, a key micronutrient, is instrumental in the functioning and maintenance of various immune cells, including Th cells, B cells, neutrophils, NK cells, and macrophages. Previously, there was no clear link between circulating Cu levels in the blood and the risk of human respiratory infections. An RCT revealed that supplementing burn patients with elevated levels of Cu notably decreased their infection risk (41). Another trial demonstrated that the enhancement of Cu supplementation in healthy individuals with Cu levels that were below to within the normal range led to increased interleukin-2 production from blood cells (42), which is essential for natural killer cell cytotoxicity and T-helper cell proliferation. Moreover, recent research has shown that supplementing Cu and zinc may have a positive effect on platelet activation in patients with pulmonary embolism during SARS-CoV-2 infection (43), leading to the proposal of Cu as a potential therapy during COVID-19. This aligns with our findings that high levels of Cu may offer protection against infectious diseases. A previous cellular experiment revealed a possible mechanism, showing that Cu-enriched cell cultures enhanced macrophage phagocytosis and bactericidal capabilities (44). Polarized macrophages produce more anti-inflammatory factors, such as IL-10 and TGF-β, and mitigate inflammation by inhibiting effector T cells (45). Our MR study provides genetic evidence supporting the protective effect of Cu against URTI. Additionally, we observed a suggestive association between Cu levels and a reduced risk of LRTI and acute pharyngitis, although these findings did not meet our stringent statistical criteria. These results suggest that Cu may play a beneficial role in respiratory infections and could be a promising candidate for the prevention and treatment of these conditions. Based on these findings, incorporating assessments of Cu levels into routine health screenings and exploring Cu-based nutritional interventions as part of personalized medical strategies may be beneficial for optimizing the prevention and management of infections.

We also found a suggestive negative correlation between genetically estimated blood vitamin B6 levels and the risk of pneumonia. Although previous research on Vitamin B6 and respiratory infections was sparse, its protective role against diseases was indirectly supported by extensive studies. In previous observational studies, vitamin B6 deficiency has been associated with a variety of autoimmune diseases, including rheumatoid arthritis, multiple sclerosis (46), and type I diabetes (47). Vitamin B complex can treat neuroinflammation after peripheral nerve injury (48), and multiple animal studies may explain the mechanism of this occurrence. Mice deprived of the Vitamin B6 diet showed decreased IL-2 levels and increased IL-4 levels (49). Similarly, decreases in anti-inflammatory cytokines (TGF-β, interleukin-4, interleukin-10, interleukin-11, and interleukin-13) and increases in pro-inflammatory cytokines (interleukin-1, interleukin-6, interleukin-8, interleukin-12, interleukin-15, and interleukin-17) were also found in grass carp deficient in vitamin B6, Activated the NF-κB signaling pathway (50). A recent MR Study also found a suggestive association of increased vitamin B6 levels with reduced risk of ischemic stroke (51). Unfortunately, this finding, like ours, did not pass a strict statistical threshold. In this study, we observed a suggestive association between vitamin B6 levels and reduced risk of pneumonia, indicating its potential application in the prevention and treatment of pneumonia. Larger studies are needed to further confirm our conclusions.

In addition, we observed a suggestive association between genetically predicted increases in folate levels and a reduced risk of viral pneumonia, similar to previous observational studies in which Jacobson found significantly reduced serum folate in patients with viral and mycoplasma pneumoniae infections (52). Sato et al.’s study also proved that folate deficiency may be an independent marker of increased risk of aspiration pneumonia in the elderly (53). Recently, Najafipou’s study also proposed that hypomethylation of ACE-2 gene caused by folate deficiency is an independent risk factor for severe acute respiratory distress syndrome (ARDS) (54). However, our MR Did not find an association between folate and pneumonia, bacterial pneumonia, asthma-related pneumonia, and the severity of pneumonia, and further studies are needed to explore the protective effect of folate on the risk of viral pneumonia.

Concerning vitamin C, earlier observational studies have suggested that vitamin C may reduce the severity and mortality risk in elderly patients with pneumonia (55). However, a recent MR study found no link between circulating vitamin C levels and the risk of developing pneumonia (56). Although our research indicated a nominal positive correlation between circulating vitamin C levels and the incidence of severe lower respiratory tract infections and severe pneumonia, this finding could be a result of multiple testing and did not meet our strict statistical significance threshold.

Interestingly, our research did not establish a causal relationship between the genetically predicted levels of circulating nutrients such as calcium, beta-carotene, vitamin D, iron, magnesium, phosphorus, selenium, and zinc, and the risk of respiratory infections, including both upper and lower tract infections and pneumonia. Some systematic reviews indicate that the effect of micronutrient supplements on infections is minimal. For example, zinc supplementation shows no impact on LRTI in infants (57), and there was no evidence supporting selenium’s role in infection prevention (58). This points to a lack of extensive research in this area. While previous MR studies have found a connection between iron and sepsis (59), we did not find any evidence linking these nutrients to the infections we studied. Earlier MR studies suggested a link between low vitamin D levels in the blood and a higher risk of pneumonia (60), but meta-analyses of vitamin D supplementation experiments contradict this idea (61). These studies may suggest that these micronutrients might not be causative factors in respiratory infections and related outcomes.

There were several strengths in our study. It stands as the inaugural MR study that thoroughly examines the association between 12 different micronutrients and the risk of respiratory infection susceptibility and severity, thus reducing potential confounders present in observational studies. Furthermore, Existing large-scale GWAS data were predominantly available for European ancestry populations, enabling us to access sufficient sample sizes for robust analyses, European ancestry populations tend to have higher genetic homogeneity, reducing heterogeneity in gene–environment interactions. Moreover, we used data from two separate GWAS databases for our three primary outcome analyses (URTI, LRTI, and pneumonia), and performed a meta-merger of these results. This approach lessens the impact of data source discrepancies and bolsters our associative analysis capabilities. Additionally, we conducted extensive sensitivity analyses to confirm the reliability of our findings.

Additionally, our research was subject to certain limitations. First, our MR approach used published aggregated data, which may not account for possible non-linear relationships. Second, our sample was limited to individuals with European ancestry, which restricts wider applicability, though it reduces bias from population stratification. Future research should aim to replicate our findings in diverse populations to ascertain the universality of the associations. Third, Subtle differences in the definition of respiratory infection subtypes across different countries and regions might affect the generalizability and accuracy of the study findings. However, by utilizing outcome data from two distinct databases, we have enhanced the consistency of the results and mitigated the impact of this heterogeneity to some extent. Fourth, although we found no associations between particular micronutrients and respiratory infection risk, we cannot completely discount the possibility that the effects of calcium, beta-carotene, iron, zinc, magnesium, phosphorus, selenium, and vitamin D were too subtle to determine a causal relationship. Therefore, future large-scale genome-wide studies were necessary to further explore the potential impact of micronutrients on infections. Finally, for Cu, our main MR analysis included only two instrumental variables, but additional analyses with relaxed thresholds and more genetic tools yielded results similar to our main analysis. This consistency was further supported by various sensitivity analyses, multivariable MR, and reverse MR, validating our key findings.



Conclusion

Our study suggests that genetically predicted levels of Cu may be causally linked to a reduced risk of URTI. This finding offers new evidence for the prevention and treatment of respiratory infections.
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Objective: This investigation aims to elucidate the correlations between dietary intakes of vitamin E, B6, and niacin and the incidence of cataracts, utilizing the comprehensive NHANES 2005–2008 dataset to affirm the prophylactic roles of these nutrients against cataract formation.



Methods: Using data from the NHANES 2005–2008 cycles, this analysis concentrated on 7,247 subjects after exclusion based on incomplete dietary or cataract data. The identification of cataracts was determined through participants’ self-reported ophthalmic surgical history. Nutritional intake was gauged using the automated multiple pass method, and the data were analyzed using logistic and quantile regression analyses to investigate the relationship between vitamin consumption and cataract prevalence.
Results: Our analysis identified significant inverse associations between the intake of vitamins E, B6, and niacin and the risk of cataract development. Specifically, higher intakes of vitamin B6 (OR = 0.85, 95% CI = 0.76–0.96, p = 0.0073) and niacin (OR = 0.98, 95% CI = 0.97–1.00, p = 0.0067) in the top quartile were significantly associated with a reduced likelihood of cataract occurrence. Vitamin E intake showed a consistent reduction in cataract risk across different intake levels (OR = 0.96, 95% CI = 0.94–0.99, p = 0.0087), demonstrating a nonlinear inverse correlation.
Conclusion: The outcomes indicate that elevated consumption of vitamin B6 and niacin, in conjunction with regular vitamin E intake, may have the potential to delay or prevent cataract genesis. These results suggest a novel nutritional strategy for cataract prevention and management, advocating that focused nutrient supplementation could be instrumental in preserving eye health and reducing the risk of cataracts. Further research is recommended to validate these findings and establish optimal dosages for maximum benefit.
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Highlights

	•Comprehensive analysis: Utilizing data from the NHANES 2005–2008, this study conducted an in-depth analysis of 7,247 American adults, representing one of the largest sample sizes in research exploring the association between vitamin intake and cataract risk.
	•Key findings: Our study demonstrates significant inverse associations between higher intakes of vitamin E, vitamin B6, and niacin and a reduced risk of developing cataracts, especially in high-intake groups. This suggests a new nutritional strategy for cataract prevention.
	•Novel insights: We uncovered nonlinear inverse relationships between vitamin E intake and cataract risk, providing fresh perspectives on the complex interactions between vitamin consumption and eye health.
	•Practical guidance: The findings support dietary adjustments to increase specific vitamin intakes as a potential strategy for cataract prevention and management, laying a scientific foundation for subsequent clinical trials and public health recommendations.





Introduction

Cataracts, the loss of lens transparency, lead to symptoms like vision impairment, diminished contrast sensitivity, altered color perception, and glare (1–3). The World Health Organization reports nearly 180 million individuals globally have visual impairments, with cataracts being a significant contributor, affecting an estimated 46% of these individuals (4). Despite being largely treatable, cataracts persist as a major cause of vision loss worldwide, posing significant public health challenges across all nations (5, 6). Factors such as aging, smoking, diabetes, and ultraviolet exposure are linked to the development of age-related cataracts (7). While cataract surgery offers marked vision improvement, it is costly, with a noted shortage of surgeons in some regions (8). Addressing modifiable risks, particularly through dietary adjustments emphasizing vitamin intake, could mitigate cataracts’ health and economic impacts, as vitamins play a key role in countering oxidative stress, a fundamental trigger in cataract formation (9–11).

Vitamin E, recognized for its antioxidant properties within the ocular lens, is hypothesized to mitigate age-related cataract (ARC) development by attenuating lipid peroxidation and fortifying cellular membrane stability (12, 13). Although various epidemiological studies suggest an inverse association between vitamin E consumption and ARC incidence (14–17), this hypothesis remains contentious, with subsequent research failing to establish a consistent link (18–20).

Vitamin B6, essential for an array of metabolic, physiological, and developmental functions, functions as a critical cofactor due to its solubility in water and reactivity post-phosphorylation. Its antioxidant prowess, akin to that of carotenoids and tocopherols, plays a vital role in neutralizing oxidative stress. Notably, empirical studies have associated higher intakes of vitamin B6, along with folate and B12, with a lower prevalence of cataracts (21–25), though these findings necessitate further validation via randomized clinical trials.

Niacin, a key agent in lipid regulation, has demonstrated beneficial effects on apolipoprotein B-containing and apo A-I-containing lipoproteins, correlating with decreased nuclear cataract incidence in initial studies (26).

Given the small sample sizes in preceding research, this investigation employs data from the National Health and Nutrition Examination Survey 2005-2008 to explore more comprehensively the relationships between intake of vitamin E, B6, niacin, and cataract formation, seeking to substantiate these vitamin’ preventative roles in cataractogenesis.



Materials and methods


Data source and subject selection

We analyzed data from the 2005-2006 and 2007-2008 National Health and Nutrition Examination Survey (NHANES) database. This cross-sectional study aimed to assess the health and nutritional status of adults and children in the United States and is nationally representative. (27) Respondents were interviewed about their demographic, socio-economic, dietary habits, and health status. NHANES is a key project of the National Center for Health Statistics (NCHS) and is approved by the NCHS Research Ethics Review Board.

A total of 20,497 participants were involved in the survey during the 2005-2006 and 2007-2008 periods. We excluded samples missing dietary variables (n = 7,477) and 5,773 samples missing cataract outcomes. Therefore, the final analysis sample included 7,247 participants with complete data on diet and cataract outcomes. The methodology for participant inclusion is depicted in Figure 1.
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FIGURE 1
The screening process of the included studies. Flow chart of procedures from identification of eligible patients to final inclusion.




Cataract identification criteria

The NHANES queried adults aged 20 and older about their history of ophthalmic surgery for cataracts before their eye examination (28). Respondents confirming such surgery were identified as cataract cases in this research (VIQ071). Those with non-responses or ambiguous answers were not included. Considering the rising incidence and more lenient criteria for cataract surgery in the U.S. (29), self-reported cataract surgery is presumed to reflect clinically significant cataracts. This approach to defining cataracts has been previously utilized in other studies (30, 31).



Determination of vitamin intake

In the face-to-face interviews, dietary information was gathered using the automated multiple pass method, a sophisticated recall methodology developed by the USDA for dietary data collection. NHANES’s Mobile Examination Center provided participants with measuring guides to accurately report their food consumption (32, 33). Dietary intake was recorded over two consecutive days, and the average of these two daily records was used to represent each participant’s dietary intake, aiming to more accurately reflect their habitual diet. It is important to note that the NHANES data does not explicitly indicate whether participants are using nutritional supplements or medications that could impact vitamin levels. The analysis incorporated all vitamin data from the NHANES 2005–2008 dataset.



Covariates assessment

Demographic variables, including age, race/ethnicity, gender, educational attainment, and marital status, were selected as covariates in our analysis. These pieces of demographic information were collected via computer-assisted personal interviews (34). Given the link between socio-economic and living conditions and physical health, these demographic indicators were used to infer participants’ social and living situations. Additionally, diabetes mellitus, a known risk factor for cataracts (35), was incorporated as a covariate, with diabetes status determined by participants’ self-reports (36).



Statistical analysis

Data analysis was conducted using the statistical software R (Version 4.3.2) and EmpowerStats1 (X&Y Solutions, Inc., Boston, MA). Given the stratified, multistage sampling methodology of NHANES, our analysis incorporated sampling weights, strata, and sampling units to reflect the survey’s complex design. Continuous variables were depicted with their means and standard errors, while categorical variables were shown with percentages and SE. Differences in demographic characteristics were assessed using chi-square or T-tests. Logistic regression models explored the correlation between vitamin intake and cataract incidence. Model 1 was unadjusted, Model 2 adjusted for age, race, gender, educational level, and marital status, and Model 3 additionally adjusted for diabetes mellitus. Noting significant correlations between vitamin E, B6, niacin, and cataracts, quantile regression analyses were also conducted. Forest plots were generated to illustrate the logistic regression outcomes more comprehensively. Furthermore, smoothing curve fittings examined potential nonlinear relationships between vitamin E, B6, niacin, and cataracts, considering p-values < 0.05 as statistically significant.




Results


Description of baseline information of the study sample

In our investigation based on the NHANES framework, we initially considered 20,497 participants. Following the exclusion process due to incomplete dietary or ophthalmic data, 7,247 subjects were retained for the study, while 13,250 were excluded. This selection procedure is detailed in Figure 1. Table 1 outlines demographic and characteristic data for participants, distinguishing between those with and without cataracts. Post-weighting within our cohort, the incidence of diagnosed or suspected cataracts stood at 9.85%. Notably, we found significant disparities in the intake of seven vitamins between the groups: for vitamin E, intake was 6.08 mg versus 7.02 mg (p < 0.001); for vitamin B1, 1.42 mg versus 1.61 mg (p < 0.001); for vitamin B6, 1.72 mg versus 1.98 mg (p < 0.001); for vitamin B12, 4.09 mg versus 5.43 mg (p < 0.001); for niacin, 19.59 mg versus 24.50 mg (p < 0.001); and total folate, 357.12 mg versus 397.96 mg (p < 0.001). In terms of other covariates, the analysis indicated that older individuals, females, non-Hispanic White people, less educated persons, and those with diabetes were at an increased risk of cataract formation.


TABLE 1 Baseline information for the study sample.

[image: Table comparing cataract and non-cataract groups. Continuous variables include age, Vitamin levels, and total folate, showing significant differences, especially in age and some vitamin levels. Categorical variables cover gender, race, education, marital status, and diabetes mellitus, with notable differences in race, education, and diabetes incidence. P-values indicate statistical significance for most variables.]



Association between the intake of seven vitamins and the presence of cataracts

Figure 2 and Table 2 detail the relationships between the consumption of vitamin E, B1, B2, B6, B12, niacin, and total folate and the prevalence of cataracts, as established through multivariate logistic regression analyses. The findings across all models reveal significant negative associations for vitamin E intake (model 1: OR = 0.94, 95% CI = 0.92–0.96; model 2: OR = 0.96, 95% CI = 0.94–0.99; model 3: OR = 0.96, 95% CI = 0.94–0.99), vitamin B6 (model 1: OR = 0.75, 95% CI = 0.69–0.82; model 2: OR = 0.86, 95% CI = 0.77–0.96; model 3: OR = 0.85, 95% CI = 0.76–0.96), and niacin (model 1: OR = 0.95, 95% CI = 0.94–0.96; model 2: OR = 0.99, 95% CI = 0.97–1.00; model 3: OR = 0.98, 95% CI = 0.97–1.00) regarding cataract development. Additionally, smoothing curve fitting analyses substantiated the nonlinear inverse relations between the intakes of vitamin E, B6, niacin, and cataract risks, as depicted in Figure 3.


[image: Forest plot showing odds ratios (OR) and confidence intervals (CI) for vitamin intake across three models. Model 1 shows significant effects for all vitamins except B12, with Vitamin B1 having the lowest OR of 0.69. Model 2 reduces significance with only vitamins E, B6, and niacin remaining significant. Model 3 maintains similar results to Model 2. Total folate intake shows neutral effects in all models. P-values are noted, with many associations significant at α < 0.05. Horizontal lines represent CI, with vertical dashed line at OR=1.]

FIGURE 2
Forest plot of logistic regression results. Multivariate logistic regression analysis of the association between various vitamin intakes and the specified outcome. OR, odds ratios; CI, confidence intervals.



TABLE 2 Association between intake of vitamin E, vitamin B1, vitamin B2, vitamin B6, vitamin 12, niacin, total folate, and cataract.

[image: A table displays odds ratios (OR) and p-values for vitamin intake across three models. Variables include Vitamin E, B1, B2, B6, B12, Niacin, and Total Folate intake. Each model presents odds ratios, confidence intervals (CI), and corresponding p-values. Model 1 shows Vitamin B1 and B6 with the lowest ORs and significant p-values. Model 2 highlights Vitamin B6 as significant. Model 3 also indicates significance for Vitamin B6 and now for Niacin. Each model adjusts progressively for more factors.]


[image: Three line graphs show the relationship between cataract risk and nutrient intake. The first graph plots niacin, the second vitamin E, and the third vitamin B6, each with a red trend line and blue confidence intervals. Cataract risk increases with high niacin and vitamin E intake, while it decreases with higher vitamin B6 intake.]

FIGURE 3
Smoothed curve fitting plot. The charts indicate a potential non-linear association between vitamin intake and cataract prevalence. The red line represents the fitted curve, and the blue dotted lines represent the 95% confidence intervals. The black vertical lines at the bottom of each chart indicate the distribution of vitamin intake.




Relationship of different quartiles of vitamin E, B6 and niacin with the presence of cataract

Figure 4 and Table 3 explore the relationship between varying levels of vitamin E, B6, and niacin intake, segmented into quartiles, and cataract incidence. For the initial three quartiles—Q1 representing low vitamin intake, Q2 indicating normal intake, and Q3 denoting moderate to high intake—no substantial links to cataract prevalence were detected for vitamin B6 and niacin. However, within the highest intake group (Q4), significant inverse associations with cataract occurrence were identified for both vitamin B6 and niacin across all models (vitamin B6: model 1: OR = 0.5, 95% CI = 0.39–0.63; model 2: OR = 0.75, 95% CI = 0.56–1.01; model 3: OR = 0.73, 95% CI = 0.54–0.98; niacin: model 1: OR = 0.28, 95% CI = 0.22–0.36; model 2: OR = 0.69, 95% CI = 0.5–0.95; model 3: OR = 0.67, 95% CI = 0.48–0.92). Additionally, a significant inverse correlation between vitamin E intake and cataract risk was consistently observed across Q2, Q3, and Q4 quartiles in all models.


[image: Forest plot displaying odds ratios (OR) with 95% confidence intervals (CI) for Vitamin E, Vitamin B6, and Niacin intake across three models. Quartiles (Q1-Q4) show varying ORs and significance levels. P-values indicate statistical significance, with some values below 0.05, suggesting meaningful associations in certain quartiles. The plot provides a visual comparison of intake levels' impact across different models.]

FIGURE 4
Forest plot of logistic regression results. This figure presents the results of multivariate logistic regression analyses evaluating the association between the intake of vitamin E, vitamin B6, and niacin (divided into quartiles Q1–Q4) and the incidence of cataracts. OR, odds ratios; CI, confidence intervals.



TABLE 3 Association between vitamin E, vitamin B6, niacin intake levels, and cataract in different quartiles.

[image: Table displaying odds ratios (OR) and p-values for vitamin E, B6, and niacin intake across three models. Model 1 is unadjusted. Model 2 adjusts for age, race, gender, education, and marital status. Model 3 further adjusts for diabetes. Vitamin E intake shows decreasing OR with increasing quartiles, all statistically significant. Vitamin B6 shows significant results in Q4 for Model 3. Niacin has significant results for Q2 to Q4 in all models.]




Discussion

The 2019 World Health Organization’s World Report on Vision confirms that over a billion people worldwide suffer from vision impairments that are preventable or treatable to avoid blindness. Additionally, the number of people experiencing partial or severe blindness is increasing at an alarming rate. Cataracts and refractive errors account for half of the cases of blindness or severe vision impairment. Although surgical treatments exist for cataracts, many eye diseases leading to blindness, including age-related macular degeneration (AMD), remain incurable. This highlights the importance of researching the mechanisms behind these diseases and slowing their progression through preventive measures. Diet and lifestyle are two of the most critically studied factors, yet they remain poorly understood by patients. These factors seem to significantly influence both the onset and progression rate of these diseases (37).

In this study, we utilized the NHANES database to investigate the potential association between the intake of vitamin E, B6, and niacin and the occurrence of cataracts.

Our findings indicate no significant correlation between the normal or low intake levels of vitamin B6 and niacin and cataract development. However, a significant association was observed with high intakes of these vitamin. Conversely, a regular intake of vitamin E showed a notable correlation with the incidence of cataracts.

In 1922, Evans and Bishop (38) unveiled Vitamin E, which encompasses diverse fat-soluble compounds (38). This category includes alpha, beta, gamma, and delta types of both tocopherol and tocotrienol, originating from plants via homogentisic acid synthesis. Serum, red blood cells, and various ocular tissues mainly contain the alpha and gamma-tocopherol forms, with alpha-tocopherol being predominant. In comparison, beta and delta tocopherols are less present in plasma (39, 40). Noteworthy is alpha-tocopherol’s significant presence in mitochondria and endoplasmic reticulum membranes, areas known for intense free-radical activity (40). Vitamin E is essential in mitigating oxidative stress, protecting cell membranes, influencing platelet aggregation, and stimulating protein kinase C (40). The ocular lens, composed of 63% water and 35% proteins (41), can turn opaque and lead to cataracts under various stress conditions, underscoring these vitamins’ importance in eye health. Various factors, including alterations in water content, abnormal protein clustering, and exposure to detrimental elements like UV and X-ray radiation, steroids, certain chemicals, or drugs, and the effects of systemic or local ailments such as diabetes, smoking, and poor nutrition, can induce lens opacity, heightening cataract risks. Such risks increase with age and are more prevalent in women than men (42). Lens damage is often exacerbated by xenobiotics that induce free radicals, leading to detrimental effects like membrane lipid peroxidation, protein inactivation, and aggregation, eventually causing lens opacification. Such free radicals particularly target the polyunsaturated fatty acids within the lens, catalyzing cataract formation. Vitamin E is known to counteract lipid peroxidation, thus aiding in the preservation of membrane integrity and functionality (43). Research has demonstrated that vitamin E can mitigate the development of cataracts induced by substances such as galactose and aminothiazole in rabbits and protect against the photooxidation of lens lipids (44). Moreover, similar to vitamin C, vitamin E has shown potential efficacy against age-related and irradiation-induced cataracts (45–47), with some studies proposing its clinical application for cataract prevention (48). Its role as a free radical scavenger, attributed to its lipid solubility and antioxidant characteristics, is believed to be pivotal in maintaining membrane health. For instance, a study by Trevithick et al. illustrated how rat lenses incubated in a solution with high glucose and serum levels exhibited increased opacity and globular degeneration over time, which was mitigated by the presence of vitamin E, highlighting its protective effects on cellular structures. In the studied lenses, the concentrations of glucose, sorbitol, and fructose exceeded those in the controls. When vitamin E at a concentration of 2.4 μm was introduced, lens swelling subsided, and normal volume was restored more quickly, despite uniform osmolarity across all external media (49). Vitamin E demonstrated a protective effect on cell membranes by influencing their permeability and osmotic balance. Ohta et al. (50) observed that cataracts developed in lenses from male Wistar rats following incubation with methylprednisolone (1.5 mg/ml). The addition of vitamin E to the incubation medium inhibited further progression of cataracts, reduced increases in lipid peroxide levels and the Na+/K+ ratio, and ameliorated decreases in reduced glutathione, glyceraldehyde-3-phosphate dehydrogenase, and Na+/K+-ATPase activities (50). Vitamin E thereby mitigated steroid-induced cataractogenesis by safeguarding the lenses from oxidative harm and functional decline of their membranes. However, extensive experimental studies and randomized clinical trials have consistently indicated that vitamin E does not confer cataract protection in humans (51, 52).

Research emphasizing the ineffectiveness of vitamin E against human cataracts, even when administered at 400 IU three times weekly (53) or daily (52), underscores the challenge of identifying an optimal dosage. This concern extends beyond just the total vitamin E intake to the specific amounts of its components.

Therefore, advancing research into the different vitamin E variants is crucial to ascertain their potential benefits, understand the optimal dosages for each, and explore their prospective roles in cataract prevention and broader clinical applications as a significant and powerful antioxidant (10). Moreover, studies have shown that vitamins and antioxidants like vitamin C, vitamin E, and carotenoids may influence the pathogenesis of diabetic retinopathy (DR) by reducing retinal neovascularization, restoring blood flow, and protecting against free radicals (54). Additionally, vitamins C and E seem to inhibit the production of vascular endothelial growth factor (VEGF) in animal models and decrease the accumulation of advanced glycation end products (AGEs). Thus, the antioxidant effects of vitamin E are critically important and widely recognized in the development and progression of certain ocular diseases.

Vitamin B6, known for its broad involvement in metabolic, physiological, and developmental functions, stands out due to its water solubility and reactivity upon phosphorylation, making it an essential cofactor in numerous biochemical reactions. It is also recognized for its potent antioxidant capacity, comparable to that of carotenoids and tocopherols, effectively neutralizing reactive oxygen species (55). Vitamin B6 exists in multiple forms, with pyridoxal 5′-phosphate (P5P) being the safest and most effective natural active form for reducing homocysteine levels. Elevated homocysteine levels disrupt autophagy, leading to abnormal crystallin protein expression, a key factor in cataract development (56). We hypothesize that vitamin B6 may reduce cataract risk by eliminating homocysteine, thus providing a potential protective mechanism. Studies have demonstrated that vitamin B6 can mitigate protein oxidation and cloudiness in cataract models treated with mercury, suggesting its potential role in delaying or even preventing cataract progression, particularly in diabetic individuals (57). The antioxidant action of vitamin B6, specifically its ability to scavenge oxygen free radicals in the lens, was significant in our findings, where high doses (Q4) correlated with a reduced incidence of cataracts, warranting further investigation into optimal dosages.

Niacin, or vitamin B3, plays a crucial role in converting to nicotinamide adenine nucleotide, crucial for energy extraction from nutrients and maintaining genetic stability. It can be synthesized from dietary tryptophan at a ratio of 60 mg to 1 mg of niacin (58). A case report has observed the occurrence of cataracts in patients with pellagra, enhancing our understanding of the relationship between Vitamin B3 deficiency and cataract development. Vitamin B3 is crucial for the synthesis of glutathione in the lens, where glutathione acts as a primary antioxidant against oxidative damage. In this particular case, the patient also had beta-thalassemia, a condition that increases iron load and oxidative stress, accelerating cataract formation (59). This finding emphasizes the importance of maintaining adequate Vitamin B3 levels to prevent oxidative stress-induced ocular diseases. Additionally, for individuals predisposed to genetic conditions, proper nutrition and antioxidant defense are vital for maintaining eye health. While high doses of niacin have been linked to lowered serum cholesterol and triglycerides and a decreased risk of myocardial infarction, they may also elevate the likelihood of cardiac arrhythmias. Our study noted a significant association between high niacin intake (Q4) and reduced cataract incidence, highlighting the necessity for further research to delineate the appropriate dosage, considering potential adverse effects.

This study’s strengths lie in its focus on the intake of vitamin E, B6, and niacin and their relation to cataract occurrence, supported by a considerable sample size. However, there are limitations: A significant limitation of our study is the reliance on participants’ self-reported history of eye surgeries to determine the presence of cataracts. While this approach offers a practical method for collecting data across large populations, it inherently carries accuracy risks. Using self-reported history of ophthalmic surgery as an indicator for cataract presence might be a potential limitation, as self-reported data can be less accurate than clinical diagnoses. This issue could impact the reliability of the observed association between vitamin intake and cataract occurrence, as the data may not accurately reflect the true incidence of clinically significant cataracts. To address this limitation in future studies, more objective diagnostic criteria or verification through medical records may be necessary to enhance the accuracy of cataract identification. Additionally, NHANES ophthalmic data does not specify the type of cataracts or provide detailed correlations between vitamin intake and various forms of cataracts. Moreover, relying on self-reported dietary information may introduce inaccuracies, and the NHANES database does not explicitly indicate whether participants are using nutritional supplements or medications that could affect vitamin metabolism. This limitation may impact our understanding of the relationship between vitamin intake and cataract occurrence. Finally, the inherent bias of cross-sectional studies precludes establishing causality.

Although this study shows a correlation between a high intake of vitamins E, B6, and niacin and a reduced risk of cataracts, caution is warranted when applying these findings to clinical practice and daily life. Firstly, the results of this study are based on cross-sectional data, which cannot be used to infer causality directly. Furthermore, while the statistical analysis shows a significant negative correlation, this does not imply that increasing the intake of these vitamins can be directly employed for the prevention or treatment of cataracts. In fact, excessive intake of certain vitamins may present potential health risks.

Before applying these research findings, further studies are necessary to validate these relationships and explore the optimal dosages and supplementation methods for these vitamins. For instance, future research could involve designing randomized controlled trials to test the effects of specific vitamin doses on cataract development and to investigate the potential impacts of long-term supplementation on eye health.



Conclusion

Vitamin E, combined with high doses of vitamin B6 and niacin, shows promise in potentially delaying or preventing cataract development. Such findings introduce a novel dietary approach for the clinical prevention and management of cataracts, suggesting that targeted nutrient supplementation could play a key role in maintaining ocular health and mitigating the risk of cataract formation. This insight paves the way for further research to confirm these relationships and to determine the optimal dosages for therapeutic efficacy while ensuring safety and minimizing adverse effects.
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Objective: Dietary factors and nutritional status may be among the risk factors for Chronic Obstructive Pulmonary Disease (COPD). There exists a certain correlation between trace elements and COPD. Through Mendelian Randomization (MR) analysis, we investigated the causal relationships between trace elements, inflammatory proteins, and COPD.
Methods: We employed MR, multivariable MR (MVMR), and two-step MR (TSMR) approaches to assess the causal links between 15 trace elements and COPD, with 91 inflammatory proteins serving as mediators to further elucidate the tripartite causal relationships.
Results: Trace elements such as Folate (OR = 1.293, 95%CI 1.027–1.628; p = 0.029), Vitamin D (OR = 1.331, 95%CI 1.071–1.654; p = 0.010), Vitamin B12 (OR = 1.424, 95%CI 1.108–1.828; p = 0.006), and Iron (OR = 0.741, 95%CI 0.580–0.946; p = 0.016) demonstrated causal relationships with COPD. No causal relationship was observed in reverse MR. After adjusting for BMI, Folate (OR = 1.633, 95%CI 1.098–2.429; p = 0.015), Iron (OR = 0.507, 95%CI 0.31–0.778; p = 0.001), and Vitamin D (OR = 1.511, 95%CI 1.029–2.217; p = 0.034) were identified as independent risk factors for COPD, whereas Vitamin B12 (OR = 1.118, 95%CI 0.751–1.666; p = 0.581) was not. Mediation analysis indicated that CDCP1 (5.76%) may play a mediating role between Iron and COPD.
Conclusion: Trace elements such as Folate, Vitamin D, Vitamin B12, and Iron have causal relationships with COPD. After BMI adjustment, Folate, Vitamin D, and Iron emerge as independent risk factors. Furthermore, the inflammatory protein CDCP1 may partially mediate the causal relationship between Iron and COPD, offering a scientific basis for dietary recommendations that could benefit COPD patients. The supplementation of trace elements may be advantageous for individuals suffering from COPD.

Keywords
 trace elements; inflammatory proteins; COPD; Mendelian randomization; mediation analysis


1 Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a heterogeneous ailment that is progressively becoming the third leading cause of death globally (1). It is primarily characterized by airway pathologies (bronchitis, bronchiolitis) and/or alveolar abnormalities (emphysema) leading to chronic respiratory symptoms (dyspnea, cough, expectoration) and a persistent, progressive limitation of airflow (2). Studies have revealed that nearly half of COPD patients experience weight loss (3) and diminished appetite (4), often resulting in an intake of trace elements significantly below the recommended dietary allowances (5). Observational studies have identified that malnutrition and weight loss are prevalent among COPD outpatient attendees (6), and nutritional supplementation can enhance the quality of life for these patients (7). Trace elements play a protective role in lung function, potentially decelerating the rate of pulmonary decline (8). They also influence the diffusing capacity of the lungs and the strength of the respiratory muscles (9). Deficiencies in trace elements are common in COPD and may influence the progression of the disease (10). Dietary interventions and targeted supplementation of single or multiple trace elements could be beneficial for patients with COPD (11).

Dietary factors and nutritional status may be among the risk factors for COPD. Alterations in dietary habits can modulate the impact of adverse environmental exposures on the lungs (12). For instance, excessive consumption of processed red meat has been associated with an increased risk of developing COPD (13), whereas a high dietary fiber intake is inversely related to the risk of COPD (14). Malnutrition can heighten the risk of mortality in patients with COPD (15), underscoring the pivotal role that nutrition plays in respiratory diseases (16). Relevant studies have identified that diet can influence the development of COPD through three primary mechanisms, with the most significant being the modulation of inflammation (17). Inflammatory responses are correlated with various diseases (18–20), and the intake of trace elements can alleviate the inflammatory reactions associated with COPD (21). Metal ions such as iron and copper in trace elements are crucial to the presence of pulmonary inflammation and oxidative stress in COPD (22), potentially leading to diminished activity of macrophages (23). Exposure to environments like iron factories increases the risk of COPD (24), whereas improving environmental risks can decrease it (25). Inhibiting ferroptosis may alleviate emphysema and airway inflammation (26). There is a correlation between copper and pulmonary inflammation (27). Zinc can mitigate the progression of COPD induced by harmful gasses and offers protective benefits to lung tissue (28). There is also a correlation between zinc and the pathogenesis of COPD (29). Supplementing with vitamins A and K may reduce the risk of emphysema (30), with vitamin K potentially improving the condition (31). Carotene is correlated with lung function (32) and may enhance pulmonary health (33). Vitamin D is associated with respiratory diseases (34), and vitamin E can reduce the risk of COPD (35). Thus, trace elements may be significant influencing factors for patients with COPD (36).

Although observational studies and systematic reviews have established a connection between trace elements, nutritional status (37–41), and COPD, suggesting that malnutrition and deficiencies in trace elements can adversely affect COPD patients, the precise causal relationships and underlying mechanisms remain unclear. Mendelian randomization (MR) is a potential method for causal inference, used to estimate the causal effects of exposure factors on outcomes while controlling for confounding factors and avoiding reverse causation (42). Therefore, we aim to utilize MR analysis to elucidate the causal relationships between trace elements, inflammatory factors, and COPD, thereby providing scientifically sound dietary recommendations for COPD patients.



2 Methods


2.1 Study design

This study employs MR analysis, focusing on 15 trace elements, including Copper, Calcium, Folate, Iron, Vitamin D, and Vitamin B6, as the primary exposures, with COPD as the outcome. To further explore the mechanisms underlying the causal relationship between trace elements and COPD, we consider 91 inflammatory proteins as potential mediators to determine whether these proteins play a significant mediating role in the causal pathway between trace elements and COPD. This research adheres to the guidelines of the Strengthening the Reporting of Observational Studies in Epidemiology using Mendelian Randomization (STROBE-MR) Statement (43).

Our MR analysis is structured into three distinct phases. Initially, we employ a two-sample MR approach to investigate whether a causal relationship exists between trace elements and COPD, and to ascertain the presence of any reverse causality, thereby determining the feasibility of further mediation analysis. Subsequently, after adjusting for BMI, we conduct MVMR to identify which trace elements independently contribute to risk. Lastly, we utilize TSMR to examine whether the causal effects are mediated by any of the 91 inflammatory proteins, thus performing mediation analysis and elucidating the proportion of the mediation effect (Figure 1).
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FIGURE 1
 Research ideas.




2.2 Data sources

The genetic information for the 15 trace elements is sourced from the GWAS database,1 all pertaining to European populations. The data for the 91 inflammatory proteins are derived from a 2023 study involving 14,824 Europeans (44), cataloged under the identifiers GCST90274758 to GCST90274848. The COPD data is obtained from the tenth round of analysis by the FinnGen database (45),2 also concerning European populations. Additionally, the genetic information for BMI is acquired from the GWAS database and is likewise representative of European demographics (Table 1).



TABLE 1 Genetic information data sources.
[image: A table lists nutrients and conditions with corresponding data. Columns include Name, Number, Samples, and SNP. Nutrients include Copper, Calcium, Carotene, and various vitamins, while conditions include COPD and BMI. Sample sizes and SNP counts vary.]



2.3 Instrumental variable selection

The selection of instrumental variables must satisfy several assumptions (46): the instrumental variables should be closely associated with trace elements, independent of confounding factors in the exposure-outcome relationship, and must influence COPD solely through the trace elements (47). To ensure their relevance (48), we conduct an association analysis on the 15 trace elements using a significance threshold of p < 5 × 10−6. Subsequently, we eliminate any single nucleotide polymorphisms (SNPs) exhibiting linkage disequilibrium by applying criteria of R2 < 0.001 and Kb = 10,000 (49). We then calculate the F-statistic for the selected SNPs to exclude weak instrumental variables, considering an F-value greater than 10 as indicative of the absence of weak instrumental variables (50, 51).



2.4 Statistical analysis

We employed five methods to assess causality: Inverse Variance Weighted (IVW), MR-Egger, Weighted Median, Simple Mode, and Weighted Mode, with IVW serving as the primary method (47, 52). A p-value less than 0.05 indicates a causal relationship (53), while the other four methods serve as supplementary approaches (54). To evaluate the robustness of our results, we conducted sensitivity analysis using the “leave-one-out” technique (55). Additionally, we employed Cochran’s Q test, MR-Egger intercept test, and MR-PRESSO to test for pleiotropy and heterogeneity (56, 57), with a p-value greater than 0.05 indicating the absence of both (58, 59). Using the TSMR approach, we first calculated the total effect (β0) of trace elements on COPD, the effect of trace elements on inflammatory proteins (β1), and the effect of inflammatory proteins on COPD (β2). The mediating effect was computed as β1*β2, and the direct effect as the total effect minus the mediating effect. The proportion mediated was calculated as (β1 × β2)/β0 (60). All analyses were conducted using the R language (version 4.3.3). The specific package employed was TwoSampleMR (version 0.6.0).




3 Results


3.1 Causal relationship between 15 trace elements and COPD

Through the judicious selection of instrumental variables, we conducted an associative analysis, eliminated linkage disequilibrium and weak instrumental variables, and identified 188 SNPs across 15 trace elements, with the smallest F-statistic being 20.86 and the largest 84.68. Univariate MR analysis supports a causal relationship between trace elements such as Folate, Vitamin D, Vitamin B12, and Iron, and COPD. The results of the IVW analysis indicate a positive correlation between Folate (OR = 1.293, 95% CI 1.027–1.628; p = 0.029), Vitamin D (OR = 1.331, 95% CI 1.071–1.654; p = 0.010), and Vitamin B12 (OR = 1.424, 95% CI 1.108–1.828; p = 0.006) with COPD, while Iron shows a negative correlation (OR = 0.741, 95% CI 0.580–0.946; p = 0.016). Concurrently, reverse MR analysis revealed no reverse causality between Folate, Vitamin D, Vitamin B12, and Iron with COPD (p > 0.05).

To evaluate the robustness of our analytical results, we employed Cochran’s Q test, the MR-Egger intercept test, and MR-PRESSO to examine pleiotropy and heterogeneity. No evidence of pleiotropy or heterogeneity was detected (p > 0.05). The leave-one-out analysis indicated that the exclusion of any single SNP would not significantly affect the estimation of causal relationships, suggesting that the results of the MR analysis are robust (Table 2; Figure 2).



TABLE 2 MR and sensitivity analyses of trace elements and COPD.
[image: Table displaying results of a Mendelian randomization analysis. It includes exposures (Folate, Vitamin D, Vitamin B12, Iron) with corresponding methods, SNP counts, Beta values, standard errors, p-values, pleiotropy test results (MR-PRESSO, MR-Egger intercept), and heterogeneity test results (IVW Q, MR-Egger Q) with respective p-values.]
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FIGURE 2
 Circle plots of the five Mendelian randomization methods (p < 0.05) (A); Forest plot of MR Analysis of trace elements and COPD (B); MR scatter plot of trace elements and COPD (C); Result of leave-one-out sensitivity analysis of trace elements and COPD (D).




3.2 Multivariate MR analysis

According to the results of the univariate MR analysis, a causal relationship exists between Folate, Vitamin D, Vitamin B12, and Iron with COPD. By adjusting for the influence of Body Mass Index (BMI), we conducted a MVMR analysis with these four trace elements and BMI. We discovered that the causal relationships with COPD persist for Folate (OR = 1.633, 95% CI 1.098–2.429; p = 0.015), Iron (OR = 0.507, 95% CI 0.31–0.778; p = 0.001), and Vitamin D (OR = 1.511, 95% CI 1.029–2.217; p = 0.034), indicating that Folate, Vitamin D, and Iron are independent risk factors for COPD. However, Vitamin B12 (OR = 1.118, 95% CI 0.751–1.666; p = 0.581) is not an independent risk factor for COPD (Table 3).



TABLE 3 MVMR and sensitivity analysis of trace elements and COPD.
[image: Table displaying the association between various exposures and COPD. For folate, the beta is 0.491, p-value is 0.015, and odds ratio (OR) is 1.633. Vitamin D has a beta of 0.418, p-value 0.034, OR 1.511. Vitamin B12 shows beta 0.112, p-value 0.581, OR 1.118. Iron has a negative beta of -0.678, p-value 0.001, OR 0.507. BMI shows beta -0.023, p-value 0.692, OR 0.976. Additional columns include standard error (Se), confidence intervals (95%CI), Q statistic, Egger intercept, pleiotropy test (Ple), and heterogeneity test (Het).]



3.3 TSMR and mediation analyses

We conducted a TSMR analysis, selecting 91 inflammatory proteins as instrumental variables. After analyzing associations, removing linkage disequilibrium, and excluding weak instrumental variables, we obtained 2,973 SNPs with the smallest F-statistic being 19.51 and the largest 1472.73. The univariate MR analysis of these 91 inflammatory proteins with COPD revealed positive causal relationships for CXCL10 (OR = 1.093, 95% CI 1.034–1.155; p = 0.001), EN-RAGE (OR = 1.117, 95% CI 1.041–1.198; p = 0.002), CD6 (OR = 1.064, 95% CI 1.022–1.107; p = 0.002), STAMPB (OR = 1.104, 95% CI 1.012–1.205; p = 0.025), and CXCL6 (OR = 1.062, 95% CI 1.015–1.112; p = 0.008). Conversely, negative causal relationships were observed for CD40 (OR = 0.948, 95% CI 0.903–0.997; p = 0.038) and CDCP1 (OR = 0.940, 95% CI 0.899–0.982; p = 0.006). Tests for pleiotropy and heterogeneity were conducted (p > 0.05), with consistent OR directions, and the leave-one-out analysis confirmed the robustness of the MR results (Table 4).



TABLE 4 MR and sensitivity analyses of inflammatory proteins and COPD.
[image: Table displaying results of a study on various exposures, including CXCL10, EN-RAGE, CD6, and others. Columns include Method, SNP count, Beta, Standard Error (Se), P-value (p), Pleiotropy Test (MR-PRESSO and MR-Egger intercept), and Heterogeneity Test (IVW Q and MR-Egger Q). Data shows values for each exposure such as the number of SNPs, beta coefficients, and test results.]

In further MR analyses of four trace elements and inflammatory proteins, we found positive correlations between Iron and CDCP1 (OR = 1.321, 95% CI 1.026–1.702; p = 0.031), as well as Iron and CXCL10 (OR = 1.389, 95% CI 1.070–1.803; p = 0.013). Conversely, negative correlations were observed between Folate and EN-RAGE (OR = 0.750, 95% CI 0.583–0.964; p = 0.025), and between Vitamin D (OR = 0.724, 95% CI 0.563–0.930; p = 0.011) and EN-RAGE (Table 5).



TABLE 5 MR and sensitivity analysis of trace elements and inflammatory proteins.
[image: A table comparing the effects of different exposures on various outcomes using the IVW method. It includes columns for exposure, outcome, method, SNP count, beta, standard error, p-value, pleiotropy tests (MR-PRESSO, MR-Egger intercept), and heterogeneity tests (IVW Q, MR-Egger Q). Exposures include folate, vitamin D, and iron with outcomes such as EN-RAGE, CDCP1, and CXCL10. Beta values range from -0.322 to 0.328, with associated p-values. Pleiotropy and heterogeneity test results are provided with corresponding p-values.]

In our final mediation analysis, we elucidated the causal effect proportions of four trace elements on COPD, mediated by seven inflammatory proteins. It was discovered that only CDCP1 mediated the impact of iron on COPD, with a mediation effect of −0.282, a direct effect of −0.017, and a mediation proportion of 5.76%. Regrettably, the other mediation effects were not established (Figure 3).

[image: Table A displays associations between iron, CDCP1, and COPD using various methods, indicating odds ratios, confidence intervals, and p-values. Methods like MR Egger and weighted median are compared. Diagram B illustrates the mediation effect of CDCP1 between iron and COPD, showing odds ratios, p-values, and mediation effects with arrows indicating causal pathways.]

FIGURE 3
 Forest plots of trace elements iron, CDCP1 and COPD (A); CDCP1 mediates causal relationship between trace element iron and COPD (red is a risk factor, green is a protective factor) (B).





4 Discussion

This study provides genetic evidence supporting the causal relationships between trace elements such as Folate, Vitamin D, Vitamin B12, and Iron, and COPD in univariate MR analysis. After adjusting for BMI, further MVMR analysis revealed that Folate, Vitamin D, and Iron are independent risk factors for COPD. Finally, through TSMR and mediation analysis, CDCP1 is suggested to partially mediate the causal relationship between Iron and COPD. Our findings offer insights into dietary management and trace element supplementation for patients with COPD.

Malnutrition and trace element deficiencies are integral components of the rehabilitation process for patients with COPD, exhibiting a profound connection (61). Compared to healthy controls, COPD patients exhibit significantly reduced levels of Folate, presenting a novel therapeutic target for the treatment of COPD (62). Folate possesses antioxidative properties (63) and the capability to ameliorate endoplasmic reticulum stress (64), correlating positively with pulmonary function in COPD patients (65), thereby enhancing lung function (66) and alleviating respiratory distress (67). A reduction in Folate intake may lead to restricted airflow (68), whereas increasing Folate intake could potentially benefit pulmonary function (69). Folate may confer protective effects against acute lung injury by mitigating inflammatory responses (70). Serum Folate levels are positively correlated with lung function in elderly males (71) and are also associated with pulmonary function in children with asthma (72). However, supplementation with Folate does not influence changes in FEV1 (67), nor has a significant correlation been observed between serum Folate levels and lung function in females (65). These results present contradictions, and our MR analysis serves as a complement to observational studies and systematic reviews. Vitamin D plays a crucial role in both innate and adaptive immunity (73) and acts as a significant regulator in defending against pulmonary infectionss (74). It may also contribute to reducing mortality from respiratory diseases. Additionally (75), supplementation with Vitamin D alone can enhance lung function (5). Prospective studies have identified a correlation between lower Vitamin D levels and accelerated decline in lung function (76). Systematic reviews have concluded that Vitamin D supplementation can reduce the risk of respiratory infections (34) and enhance resistance to such infections (77). In COPD patients, the response to Vitamin D supplementation is diminished compared to healthy controls (78), and supplementation does not affect the muscular response to resistance training in COPD patients treated with Vitamin D3 (79). While some studies suggest that Vitamin D supplementation does not reduce the exacerbation rate of COPD (80), it is inversely related to inflammatory signaling in COPD (81). A deficiency in Vitamin D receptors may increase pulmonary inflammation (82), and Vitamin D may inhibit COPD-related pulmonary emphysema by maintaining the homeostasis and functionality of alveolar macrophages (83). Despite some contradictions in research concerning Vitamin D and COPD (84), our analyses using MR and MVMR have established a causal relationship between Vitamin D and COPD.

Vitamin B12, as a supplement in the rehabilitation of COPD patients, can regulate the secretion of NT-proBNP (85), exerting a positive effect on patients with advanced COPD (86). However, the intake of Vitamin B12 is not associated with the risk of frailty in COPD. After adjusting for BMI, our multivariate MR analysis indicates that Vitamin B12 is not an independent risk factor for COPD (87). Iron regulation is significantly associated with respiratory diseases (88). Dysregulation of iron homeostasis is a critical mechanism in lung injury (89). Iron-induced cell death can lead to airway remodeling and emphysema (90), exacerbating inflammation and oxidative stress (91). Targeting iron-induced cell death may ameliorate respiratory diseases (92) and alleviate the progression of COPD (93). Iron is related to the genetic susceptibility of COPD (94, 95), and COPD patients may experience non-anemic iron deficiency (96), which is associated with inflammatory responses (97), skeletal muscle disorders (98), hypoxemia, and reduced exercise tolerance (99). Clinical studies have shown that iron supplementation can improve the exercise endurance and quality of life of COPD patients (100, 101). Non-anemic iron deficiency can impair the response of COPD patients to pulmonary rehabilitation, resulting in lower aerobic capacity (102). Iron deficiency is linked to more severe pulmonary vascular diseases (103). Dysregulation of iron homeostasis in the lungs and cellular iron accumulation are factors in the development of COPD (104). Ferroptosis, an iron-dependent form of cell death, plays a role in the pathogenesis of COPD (105) and can ameliorate cigarette smoke-induced inflammation and emphysema (106). CXCL10 is a potential biomarker for impaired lung development (107), capable of modulating pulmonary inflammation (108) and the lung microenvironment (109). There is a correlation between EN-RAGE and COPD (110). CD6 serves as a therapeutic target in cancer immunotherapy (111), while CD40 is associated with the severity of COPD and the degree of pulmonary function alteration (112). Additionally, a correlation exists between CXCL6 and mortality in IPF (113). CDCP1, which may be involved in cell adhesion and matrix binding, could serve as a biomarker for lung cancer detection (114) and is somewhat associated with COVID-19 (115). Our research suggests that iron may mediate the effects on COPD through its influence on the inflammatory protein CDCP1, necessitating further exploration of the relationship between inflammatory responses, trace elements, and COPD.

This study, through MR analysis, investigates the causal relationships between trace elements, inflammatory proteins, and COPD, aiming to provide scientifically sound dietary recommendations for COPD patients and further suggest that supplementation with trace elements may be beneficial for COPD. This research has certain limitations; primarily, the study population is confined to Europeans, which may restrict the generalizability of the findings. Secondly, there is a need for a deeper exploration of the mechanisms linking trace elements, inflammatory proteins, and COPD, as the mediating effects observed were not significant, necessitating further.



5 Conclusion

In conclusion, our research demonstrates a causal relationship between genetically predicted trace elements such as Folate, Vitamin D, Vitamin B12, and Iron, and COPD. After adjusting for BMI, Folate, Vitamin D, and Iron emerge as independent risk factors for COPD. Furthermore, the inflammatory protein CDCP1 may play a partial mediating role in the causal relationship between Iron and COPD. Our findings can better inform scientifically sound dietary recommendations for patients, suggesting that supplementation with trace elements may be beneficial for those suffering from COPD.
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Background

Micronutrients play pivotal roles in modulating various aspects of the immune response. However, the existing literature on the association between micronutrients and autoimmune thyroiditis (AIT) remains limited and contentious. To address this gap, we conducted Mendelian randomization (MR) to investigate potential links between genetically predicted concentrations of six micronutrients (Copper (Cu), Iron (Ir), Calcium (Ca), Vitamin D (VD), Vitamin C (VC), Zinc (Zn)) and the risk of AIT.





Method

Utilizing summary statistics from genome-wide association studies (GWAS) in individuals of European descent, we employed MR methodologies to elucidate the interplay between micronutrients and AIT. Three distinct MR techniques were employed: Inverse Variance Weighted (IVW), MR-Egger regression, and Weighted Median Estimator (WME). Additionally, we evaluated outcome heterogeneity using Cochran’s Q statistic and assessed pleiotropy using the MR-Egger intercept.





Result

IVW analysis revealed no substantial evidence supporting a significant impact of genetically predicted micronutrient concentrations on AIT risk (Cu: OR = 0.918, P = 0.875; Ir: OR = 0.653, P = 0.264; Ca: OR = 0.964, P = 0.906; VD: OR = 0.717, P = 0.378; VC: OR = 0.986, P = 0.875; Zn: OR = 0.789, P = 0.539). Cochran’s Q test for IVW indicated no notable heterogeneity. Moreover, the MR-Egger intercept method suggested the presence of horizontal pleiotropy between serum VC levels and AIT (MR-Egger intercept = −0.037, p = 0.026), while no such pleiotropy was observed for other micronutrients.





Conclusion

Our MR analysis does not support a causal relationship between genetically predicted concentrations of six micronutrients (Cu, Ir, Ca, VD, VC, and Zn) and the risk of AIT.





Keywords: autoimmune thyroiditis, micronutrients, copper, iron, calcium, vitamins, zinc




1 Introduction

Autoimmune thyroiditis (AIT), also referred to as Hashimoto’s thyroiditis or chronic lymphocytic thyroiditis stands as one of the most prevalent organ-specific autoimmune disorders. It is typified by the presence of antibodies targeting thyroid antigens (thyroid peroxidase (TPO) and thyroglobulin (TG)), alongside diffuse lymphocytic infiltration of thyroid tissue. AIT exhibits an annual incidence ranging from 27 to 273 cases per 100,000 individuals (1, 2). The pathogenesis of AIT remains incompletely elucidated, though it is understood to be multifactorial, influenced by intricate interactions among multiple susceptibility genes and environmental factors such as stress, smoking, microbial infections, chemical pollutants, and dietary iodine (3).

The primary medical intervention for AIT-induced hypothyroidism involves daily oral administration of levothyroxine (LT4) to maintain normal thyroid-stimulating hormone (TSH) levels (4). Alongside LT4 therapy, dietary modifications and supplementation offer tangible benefits and constitute integral components of the therapeutic regimen. Observational controlled investigations have revealed frequent occurrences of micronutrient deficiencies in AIT patients (5). The deficiency or excess of any micronutrient (such as Copper (Cu), Iron (Ir), Zinc (Zn), iodine, and selenium) may affect the synthesis of TG and disrupt the homeostasis of the thyroid gland, thereby reducing the body’s immune ability and even disrupting the regulation of systemic inflammation (6, 7). Meanwhile, observational studies have also highlighted the important impact of various micronutrients, such as vitamin D (VD), antioxidants, monounsaturated and polyunsaturated fatty acids, magnesium, and Zn, as critical in reducing thyroid inflammation (8–10). Although current observational studies report associations between various micronutrients and AIT, concerns about potential bias from confounding factors cannot be completely eliminated. Furthermore, quantifying causal effects in traditional observational studies can be challenging due to residual confounding and reverse causation (11).

With the increase in statistical summary data from large-scale genome-wide association studies (GWAS), Mendelian randomization (MR) (12) has emerged as a potent tool. MR utilizes single-nucleotide polymorphisms (SNP) as instrumental variables (IV) strongly linked with exposure to probe causal effects between exposure and outcome, thereby enhancing the reliability of causal inferences and fostering robust etiological conclusions. Because genotypes are randomly assigned at conception, they provide an accurate representation of exposure that is not affected by potential confounders (such as environmental exposures) and does not change with the onset of disease. By leveraging genotypes randomly assigned at conception, MR circumvents potential confounding influences, such as environmental exposures, and remains unaffected by disease onset. Given the pivotal role of genetic susceptibility in AIT development, a genetic perspective is imperative. Accordingly, this study employs the two-sample MR approach to investigate potential causal links between genetically predicted circulating concentrations of micronutrients (Cu, Ir, Calcium (Ca), VD, Vitamin C (VC), Zn) and AIT.




2 Materials and methods



2.1 Study design

This study employs a two-sample MR to examine the causal relationship between micronutrients and AIT, as depicted in Figure 1 illustrating the research design. MR hinges on three fundamental assumptions: (1) the assumption of association, positing that genetic variation correlates with exposure; (2) the assumption of independence: genetic variation should not have any connections with confounding factors influencing the exposure-outcome relationship; and (3) the assumption of exclusivity, suggesting that genetic variation influences outcome solely through exposure pathways (13). All MR analyses utilized publicly available summary statistics, obviating the need for additional ethical approval or informed consent.
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Figure 1 | Flowchart of the design of a Mendelian randomized study of the causal association between micronutrients and autoimmune thyroiditis. Cu, copper; Ir, iron; Ca, calcium; VD, vitamin D; VC, vitamin C; Zn, zinc; MR, mendelian randomization.




2.2 Data sources

In this study, we searched Open GWAS for statistical summary data related to micronutrient cycling concentrations as exposure (See Table 1 for details). For Cu circulating concentrations, GWAS summary data encompassed 2,603 European individuals, revealing 2 SNP strongly associated with Cu levels (Supplementary Table S1). In the case of Ir circulating concentrations, the dataset comprised 23,986 individuals of European ancestry, identifying 3 significant SNP (Supplementary Table S2). Regarding Ca circulating concentrations, data encompassed 315,153 European individuals, identifying 212 significant SNP (Supplementary Table S3). VD circulating concentrations were assessed in 496,946 individuals of European descent, uncovering 118 significant SNP (Supplementary Table S4). VC circulating concentrations were examined in 291 European individuals, revealing 68 significant SNP (Supplementary Table S5). Finally, Zn circulating concentrations were investigated in 2,603 European individuals, identifying 2 significant SNP (Supplementary Table S6).

Table 1 | Genetic summary data sources for micronutrients and autoimmune thyroiditis.
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As for outcomes, GWAS summary statistics for AIT included 213,746 European individuals, comprising 244 AIT patients and 187,684 controls, sourced from the FinnGen database R8 (See Table 1 for details).




2.3 Selection of genetic instrumental variable

The selection criteria for genetic IV were as follows: (1) Screening exposure databases to identify SNP loci of genome-wide significance (p < 5 × 10-8); (2) The linkage disequilibrium (LD) criterion set the R2 threshold (R2 < 0.001 and genetic distance = 10,000 kb), and only those SNPs exhibiting the most significant p-values were retained for subsequent analyses; and (3) Excluding SNP with F-statistics <10 (14) and palindromic sequences to ensure that the effects of SNP on exposure and outcome stemmed from the same allele.




2.4 Statistical analysis

In this investigation, we initially harmonized the alleles associated with both exposure (Cu, Ir, Ca, VD, VC, Zn) and outcome (AIT), following which a two-sample MR analysis was conducted. We employed three MR methodologies, namely Inverse Variance Weighted (IVW) (15), MR-Egger regression (16), and Weighted Median Estimator (WME) (17), to assess the causal relationship between micronutrients and AIT. The IVW method assumes the validity of all genetic variations. Through meta-analysis, it amalgamates the Wald estimate of each SNP and employs weighted linear regression to synthesize these estimates, thereby comprehensively evaluating the impact of micronutrients on AIT (18). IVW serves as the principal analytical tool, furnishing unbiased causal estimates in the absence of horizontal pleiotropy (19). WME and MR-Egger regression methods are utilized as supplementary methods to IVW estimation, as they can offer more reliable estimates under less stringent conditions.

To gauge the robustness and sensitivity of our findings, we conducted additional sensitivity analyses. Heterogeneity was assessed via Cochran’s Q test, computed using the IVW method. Furthermore, potential pleiotropy was evaluated and adjusted using the MR-Egger intercept test (20). Additionally, we scrutinized outliers that could potentially influence our MR estimates through the examination of forest plots, funnel plots, and scatter plots.

All the above-mentioned MR analyses in this study were performed using the “TwoSampleMR” package in R 4.1.1 software.





3 Results



3.1 Selection of genetic instrumental variable

Following a sequence of quality control procedures, a total of six genetic instruments were established for this study. These genetic instruments were constructed as follows: (1): For Cu exposure and AIT outcome, two SNP were included in the analysis after merging the relevant datasets. (2) For Ir exposure and AIT outcome, three SNP were included in the analysis following the merging of datasets. (3) Upon merging Ca exposure and AIT outcome datasets, and subsequent removal of 8 palindromic sequences (rs12626330, rs1763519, rs296849, rs4517550, rs4744854, rs490275, rs72941253, rs7839633), a total of 195 SNP were retained for analysis. (4) After merging VD exposure and AIT outcome datasets, and excluding 2 palindromic sequences (rs57601828, rs7955128), 115 SNP were ultimately included in the analysis. (5) The integration of VC exposure and AIT outcome datasets resulted in the inclusion of 65 SNPs for analysis. (6) Lastly, the combination of Zn exposure and AIT outcome datasets included two SNPs for analysis.




3.2 Mendelian randomization analysis

We conducted a two-sample MR study on genetically predicted micronutrient circulating concentrations and AIT, yielding no compelling evidence to support a significant causal relationship between genetically predicted micronutrient concentrations and AIT (refer to Table 2 for detailed outcomes).

	Cu: IVW analysis (OR = 0.918, 95% CI = 0.315-2.674; P = 0.875) revealed no discernible causal relationship between serum Cu concentration and AIT.

	Ir: IVW analysis (OR = 0.653, 95% CI = 0.309-1.379; P = 0.264) demonstrated no substantial evidence supporting a causal relationship between serum Ir concentration and AIT. Consistent causal effects were observed in analyses employing WME (OR = 0.639, 95% CI = 0.288-1.415; P = 0.269) and MR-Egger regression (OR = 1.009, 95% CI = 0.218-4.676; P = 0.993) methods.

	Ca: The results of the IVW (OR = 0.964, 95% CI = 0.523-1.776; P = 0.906), WME (OR = 1.342, 95% CI = 0.435-4.139; P = 0.609), and MR-Egger regression (OR = 1.310, 95% CI = 0.436-3.935; P = 0.631) analyses collectively failed to provide evidence supporting a causal link between serum Ca concentrations and AIT.

	VD: The results of IVW (OR = 0.717, 95% CI = 0.341-1.504; P = 0.378), WME (OR = 1.265, 95% CI = 0.398-4.026; P = 0.690) and MR-Egger regression (OR = 1.951, 95% CI = 0.623-6.111; P = 0.254) method analyses indicated no observable causal relationship between serum VD concentration and AIT.

	VC: IVW analyses (OR = 0.986, 95% CI = 0.828-1.175; P = 0.875) provided no evidence supporting a causal relationship between serum VC concentrations and AIT. Comparable causal effects were observed in WME (OR = 0.845, 95% CI = 0.645-1.108; P = 0.223) and MR-Egger regression (OR = 0.847, 95% CI = 0.549-1.306; P = 0.455) analyses.

	Zn: IVW analysis (OR = 0.789, 95% CI = 0.370-1.682; P = 0.539) yielded no indication of a causal relationship between serum Zn concentration and AIT.



Table 2 | Mendelian randomized estimation of the association between micronutrients and autoimmune thyroiditis.
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3.3 Sensitivity analysis

In our sensitivity analysis, we initially employed IVW’s Cochran’s Q test to assess the heterogeneity of results. The findings revealed that all analyses yielded p-values exceeding 0.05, indicating the absence of significant heterogeneity in our study (refer to Table 2). Subsequently, we utilized the MR-Egger intercept method to scrutinize horizontal pleiotropy. Results indicated that the p-value of the MR-Egger intercept method for serum VC and AIT was below 0.05 (MR-Egger intercept = -0.037, p = 0.026), suggestive of the presence of horizontal pleiotropy. Conversely, p-values of the MR-Egger intercept method for other scenarios surpassed 0.05, signifying the absence of horizontal pleiotropy (refer to Table 2). Additionally, we conducted visual inspections of the funnel plot, which displays a roughly symmetrical distribution, implying a relatively low risk of bias and high reliability of the results. Further scrutiny involved the examination of scatter plots, wherein each point represented an instrumental variable. The forest plot depicted each horizontal solid line reflecting the outcome of a single SNP estimated using the Wald ratio method. Detailed scatter plots, funnel plots, and forest plots are available in the Supplementary Material.





4 Discussions

In this two-sample MR analysis investigating the relationship between six micronutrient concentrations and the risk of AIT, we did not identify a significant association between genetically predicted circulating micronutrient concentrations and the risk of AIT.

Cu functions by binding to ceruloplasmin in plasma, thereby stimulating the activities of both innate and adaptive immunity. A population-based study utilizing data from the 2011-2012 U.S. National Health and Nutrition Examination Survey(NHANES) revealed that serum Cu concentrations were 20% higher in women compared to men. Furthermore, it was observed that circulating serum Cu concentrations correlated with elevated levels of free thyroxine (fT4) and total thyroxine (tT4) in women, whereas in men, circulating Cu concentrations correlated with elevated levels of total triiodothyronine (tT3) and tT4 (21). Another study indicated that Cu proportion may directly impact thyroid function in individuals with AIT or overt hypothyroidism (22). Moreover, Cu may influence thyroid hormone levels through autoimmune mechanisms, given the close association between thyroid autoimmunity and dysfunction (23). While observational studies suggest an association between Cu and AIT, our study reveals no relationship between genetically predicted circulating Cu concentrations and AIT.

Ir, found in plasma as a constituent of hemoglobin, myoglobin, enzymes, and other proteins, plays a regulatory role in innate immunity by modulating monocytes and neutrophils. TPO is a heme enzyme that becomes active only upon binding to heme—a non-protein pseudogroup containing Fe2+ ions—and is primarily responsible for synthesizing thyroid hormones. Consequently, Ir deficiency impairs thyroid metabolic function. Of note, low Ir stores may contribute to the persistence of symptoms after LT4 therapy in 5%-10% of patients with hypothyroidism (24). Patients with AIT often suffer from autoimmune gastritis, which leads to reduced Fe absorption, or celiac disease, which causes Fe loss, and then develops Fe deficiency (25). Findings from a retrospective study involving 180 female patients with positive thyroid autoantibodies revealed higher frequencies of abnormal hemoglobin, Ir, and ferritin levels compared to healthy controls. Additionally, a negative correlation was observed between Thyroid Peroxidase Antibodies (TPOAb) levels and serum ferritin and Ir levels (26). Another cross-sectional study involving 7463 pregnant women and 2185 nonpregnant women with subclinical hypothyroidism demonstrated an association between Ir deficiency and a higher prevalence of isolated TPOAb positivity among pregnant women and nonpregnant women of childbearing age (27). Despite observational studies suggesting an association between Ir and AIT, our investigation reveals no causal relationship between genetically predicted circulating concentrations of Ir and AIT.

Thyroid disease significantly influences mineral metabolism, particularly the mineral density of bone tissue. This is attributed to the involvement of thyroid hormone in regulating the metabolism of Ca and phosphorus, with Ca being an essential mineral in bone tissue. In patients with hypothyroidism, the mean serum Ca concentration tends to decrease, and there exists a negative correlation between Ca and TSH (28, 29). Conversely, patients with hyperthyroidism often exhibit elevated serum Ca levels, potentially increasing the risk of osteoporosis and fractures (30). While observational studies have not directly established a link between Ca and AIT, our investigation reveals no causal relationship between genetically predicted circulating Ca concentrations and AIT.

VD is primarily synthesized endogenously following exposure to sunlight, particularly UVB radiation, through the skin. It plays a crucial role in regulating calcium-phosphate metabolism and promoting bone homeostasis. Recent research has unveiled VD’s immunomodulatory functions within both the innate and adaptive immune systems, suggesting its potential to foster immune tolerance, which, in turn, could inhibit the immunopathological processes underlying AIT (8). A study conducted among Polish women revealed an inverse correlation between TSH, TPOAb, thyroglobulin antibodies (TGAb), and serum VD levels across healthy individuals, AIT patients, and those with hypothyroidism (31). Similarly, another study demonstrated significantly lower serum VD levels in AIT patients compared to controls, with the severity of VD deficiency correlating with the duration of AIT and thyroid antibody levels (32). While some observational studies have suggested a potential association between VD deficiency and an elevated risk of AIT (33–35), others have failed to establish a clear link between serum VD levels and antithyroid antibodies or thyroid function (36, 37). These inconsistencies may stem from various factors, yet our investigation did not uncover a causal relationship between circulating VD concentration and AIT. Thus, further randomized, double-blind, placebo-controlled trials are warranted to elucidate the ambiguous causal relationship between VD and thyroid disease.

VC not only safeguards thyroid acini from oxidative damage owing to its antioxidant properties but may also potentially aid in the restoration of thyroid function through its non-oxidative activity, thereby facilitating the recovery of thyroid hormone synthesis function (38). For example, VC has been shown to contribute to the synthesis of paraoxonase, which contributes to the detoxification of OPs (39). While investigations into the role of VC in thyroid disease are limited, our study marks the first exploration of the causal relationship between VC and AIT. Nevertheless, studies have revealed no causal effect between circulating VC concentration and AIT.

Zn plays a key role in thyroid hormone metabolism by regulating deiodinase activity, the synthesis of thyrotropin-releasing hormone (TRH) and TSH enzymes, and the structure of transcription factors essential for thyroid hormone synthesis (40). Numerous studies in the literature have explored the relationship between Zn and thyroid hormones, with both hypothyroidism and hyperthyroidism being linked to low Zn concentrations (41). Zn deficiency can disrupt thyroid hormone levels and potentially lead to elevated antibody titers against thyroid antigens (42). Moreover, autoimmune diseases are associated with pathological alterations in circulating Zn concentrations (43). However, our study did not uncover a causal association between circulating Zn concentrations and AIT.

Previous research on the relationship between micronutrients and AIT was controversial. This study marks the first attempt to investigate the causal connection between micronutrients and AIT utilizing a two-sample MR approach. Importantly, employing distinct databases for exposure and outcome datasets helped mitigate the risk of bias arising from overlapping samples. Furthermore, the selection of SNP with robust correlations (p < 5×10−8) and high intensity (F statistic > 10) to construct IV bolstered the comparability and credibility of the study. Nevertheless, it is imperative to acknowledge the study’s limitations. Firstly, in the two-sample MR analyses of exposure (Cu, Ir, and Zn) and outcome (AIT), the inclusion of a small number of SNP—2, 3, and 2, respectively—unable the testing for pleiotropic effects. Secondly, the study sample comprised individuals of European ancestry, potentially constraining the generalizability of our findings to other populations.




5 Conclusion

In conclusion, our study findings indicate the absence of a causal relationship between genetically predicted circulating concentrations of six micronutrients (Cu, Ir, Ca, VD, VC, Zn) and the risk of AIT. Future studies are warranted to elucidate the effects of micronutrients on AIT and unravel their underlying mechanisms.
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Background

Obesity represents a significant risk factor for the development of metabolic abnormalities. However, it is not inevitable that all individuals with obesity will develop these disorders. Selenium has been demonstrated to play a role in maintaining metabolic homeostasis in vivo, with the ability to regulate relevant signaling pathways involved in glucose and lipid metabolism processes. Previous studies have indicated that selenium concentrations in obese individuals are higher than those reported in the general population. These findings the question of whether altered selenium concentrations may act as important triggers for accelerating metabolic imbalances in the obese population. The aim of this study was to examine the potential correlation between serum selenium concentrations and the risk of developing metabolic abnormalities in individuals with obesity.





Methods

The present study included 6,125 participants from the 2011-2018 National Health and Nutrition Examination Survey (NHANES) who were aged between 20 and 80 years, with a body mass index (BMI) of 30 kg/m2 or greater, and met the inclusion and exclusion criteria. Weighted generalized linear regression analyses were conducted to evaluate the associations between serum selenium concentrations and the conversion of metabolically healthy obesity (MHO) to metabolically unhealthy obesity (MUO). A generalized additive model (GAM) and a two-piecewise linear regression model were employed to investigate the saturation threshold effect between selenium and MUO. The correlation between different selenium concentration intervals and metabolic diseases was evaluated by categorizing selenium concentrations according to the saturation threshold. Furthermore, this study investigated the correlation between serum selenium and lipid concentrations in obese females and between serum selenium and blood pressure in obese males.





Results

The weighted prevalence of MUO in the study population was 48.35%. After rigorous adjustment for sociodemographic, physical, and laboratory test covariates, the weighted odds ratio (OR) of MUO increased by 44% for every 1 µM increase (approximately 78.74 µg) in the serum selenium concentration (weighted OR=1.44; 95% CI=1.09 - 1.91; P=0.018). Second, GAM analysis and saturation threshold analyses revealed an inverted U-shaped relationship between serum selenium and metabolic abnormalities in males, with a corresponding inflection point (K) of 2.82 µM. When the serum selenium concentration was below the K-value, the effects of serum selenium were mainly on blood pressure, especially diastolic blood pressure (DBP) (weighted β: 3.34; 95% CI= 0.25 - 6.44; P=0.038). Conversely, the correlation between the serum selenium concentrations and metabolic homeostasis imbalance in females was linear. When the selenium concentration exceeded 2.12 µM, the increase in selenium content was accompanied by increases in total cholesterol (TC, weighted β=0.54, 95% CI=0.32 - 0.76; P=0.000) and triglyceride (TG, weighted β=0.51, 95% CI=0.27 - 0.75; P=0.000) concentrations.





Conclusions

The findings of our study indicate that selenium supplementation strategies for individuals with obesity should be tailored to the sex of the individual. In females, serum selenium concentration above the saturation threshold primarily facilitates the transition from MHO to MUO by influencing alterations in serum lipid metabolism. Maintaining selenium concentrations below the threshold levels is highly important for preventing the conversion of MHO to MUO. In males, serum selenium concentrations above the threshold were found to be effective in preventing an elevation in blood pressure, particularly in improving systolic blood pressure (SBP). Nevertheless, serum selenium concentrations below the threshold are linked to an increased risk of hypertension in obese individuals, particularly those with elevated diastolic blood pressure (DBP). Further research is needed to elucidate the optimal serum selenium concentration that exerts deleterious effects on blood pressure.
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1 Introduction

Obesity is a significant risk factor for metabolic diseases, which can include insulin resistance, impaired fasting glucose and/or tolerance, dyslipidemia and hypertension (1). However, not all obese individuals have metabolic syndrome (MetS) or insulin resistance. Epidemiological studies indicate that approximately one-third of individuals classified as obese do not display significant abnormalities in serum glucose, serum lipids, blood pressure, insulin resistance or inflammation. This condition is known as metabolically healthy obesity (MHO) (2). Compared with individuals with metabolically unhealthy obesity (MUO), those with MHO exhibit relatively stable physical activity status, nutritional status, ectopic fat, and visceral adiposity (3). MHO individuals are often considered to have a transitional phenotype. The incidence of MHO declines progressively over time. In addition, the prevalence of metabolic disease is associated with the severity and duration of obesity (4). However, the factors that contribute to the conversion of MHO to MUO are unclear.

Obesity was defined as having a body mass index (BMI) ≥ 30 kg/m2. Although BMI moderately correlates with direct measures of body fat content, it does not directly measure the amount of adiposity. Importantly, BMI is not an accurate predictor of cardiometabolic risk and is not a measure of total body fat or abdominal fat accumulation (5, 6). Furthermore, obesity is associated with a wide range of comorbidities and health risk factors, even within the same BMI range (6). Research has demonstrated a strong correlation between the number and severity of metabolic abnormalities and the risk of adverse outcomes (7). Approximately 30-50% of MHO individuals become MUO individuals within 4-20 years (8, 9). Individuals with MUO have a significantly greater risk of type 2 diabetes, coronary heart disease (CHD), and all-cause mortality than MHO individuals (10, 11).

Recently, there has been a notable increase in interest in essential trace elements and minerals, despite their relatively minor proportion of less than 0.01% of total body weight. Selenium is a naturally occurring chemical element that can be found in soil, water, and air; it then enters the food chain and is absorbed by plants, animals, and humans. The principal sources of selenium in the human diet are cereals, meat, poultry, fish, and eggs (12). The primary chemical form of selenium present in food is selenomethionine (SeMet). In the liver, SeMet is metabolized to selenide, which is subsequently utilized in the synthesis of selenoproteins that are involved in a variety of biological functions, including antioxidant stress, anti-inflammatory, lipid metabolism, and immunomodulation (13, 14). Selenium intake is essential for the proper function of the cardiovascular, endocrine, nervous and immune systems. Therefore, some medical guidelines advise that individuals consume selenium supplements on a daily basis to protect against free radical-induced cellular damage (15, 16). Notably, the range of beneficial doses of selenium is more limited. Insufficient and excessive intake of selenium can have adverse health effects. For example, selenium plays a regulatory role in insulin signaling pathways, which may influence carbohydrate and lipid metabolism (13, 17). Consequently, when excess selenium is consumed, there is an increased risk of developing metabolic diseases such as coronary heart disease (CHD), diabetes mellitus (DM), and metabolic dysfunction-associated with fatty liver disease (MAFLD) (14, 18–20).

Despite extensive research on the relationship between serum selenium and DM in previous investigations, the relationship between serum selenium and obesity has primarily been examined with respect to the capacity to of selenium modulate adipocyte biology. Several animal studies have shown that the expression of selenoprotein in the adipose tissue of obese mice is markedly elevated compared with that in healthy mice. The metabolism of selenium and selenoproteins may be relevant to adipocyte physiology and may play a role in the pathogenesis of obesity. The precise relationship between elevated serum selenium concentrations in vivo and the conversion of MHO to MUO remains unclear. The type of metabolic dysregulation in individuals who obese is associated with higher serum selenium concentrations has also yet to be elucidated.

Given the high prevalence of obesity and the associated health risks, in the present study, we conducted a cross-sectional study using a representative sample of U.S. adults from the 2011 to 2018 National Health and Nutrition Examination Survey (NHANES) to assess whether there were differences in selenium concentrations between the MUO and MHO groups. The aim of this study was not only to elucidate the association between serum selenium concentrations and the risk of metabolic homeostasis imbalance, but also to identify the metabolic role of selenium and to ascertain the selenium-related changes in metabolic indicators that occur during the transition from MHO to MUO.




2 Methods



2.1 Data source and study population

We conducted a secondary scientific analysis of the NHANES database from 2011-2018, The NHANES database is an independent cross-sectional survey conducted by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC) that assesses the health and nutritional status of a nationally representative sample of U.S. civilian noninstitutionalized individuals from the general population. Details of the survey in terms of its planning, conduct, and design are available on the official website (https://www.cdc.gov/nchs/nhanes/about_nhanes.htm). The survey included questionnaires; physical examinations; household interviews that covered demographic, dietary, and health-related questions and examinations; and laboratory tests (21, 22).

A total of 39,156 participants were included in the NHANES for the period between 2011 and 2018. After the exclusion of 10,087 participants who did not have serum selenium data, 12,937 participants younger than 20 years of age, 9,719 participants with a BMI less than 30 kg/m2, 278 participants with missing serum selenium data, and 10 participants with selenium concentrations that did not fall within the mean±5 standard deviation (SD) range, the final analysis included 6,125 participants. The screening process for the study participants is illustrated in Figure 1.

[image: Flowchart showing the selection process for a study from the NHANES 2011–2018 data. Starting with 39,156 individuals, exclusions include those without serum selenium tests, and those under 20 years, resulting in 16,132 individuals aged 20-80. Further exclusions include those with BMI under 30 kg/m², missing selenium data, or outlier selenium values, leaving 6,125 individuals for final analysis. The criteria for metabolic unhealthiness are also detailed, including thresholds for triglycerides, HDL cholesterol, blood pressure, and fasting glucose.]
Figure 1 | Flow chart of screening and enrollment of study participants.




2.2 Measurement of serum selenium concentrations

Serum samples were processed, stored, and shipped to the Division of Laboratory Sciences at the National Center for Environmental Health and the CDC for analysis. Serum selenium concentrations were quantified via inductively coupled plasma-mass spectrometry. The lower limit of detection for serum selenium was 0.311 μM for the NHANES 2011-2018. All included populations presented serum selenium values above the detection limit. Detailed instructions for sample collection, processing, and quality assessment are available on the NHANES website:(https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/PBCD_G.htm; https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/PBCD_H.htm; https://wwwn.cdc.gov/Nchs/Nhanes/2015-2016/PBCD_I.htm; https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/PBCD_J.htm).




2.3 Assessment

Demographic data, including age, sex, race (non-Hispanic white, non-Hispanic black, non-Hispanic Asian, Mexican American, and other races), marital status (married and living with partner; widowed, divorced, and separated; never married), education (college and above, high school, less than high school), family size (1-3 people, 4-6 people and more than 7 people) and family income (<$45,000, $45,000-$99,999, and ≥ $1,00,000), were collected from all participants. The following physical examination data were collected: standing height (cm), weight (kg), body mass index (BMI, kg/m2), waist circumference (cm), systolic blood pressure (SBP, mmHg) and diastolic blood pressure (DBP, mmHg). Additionally, laboratory data including blood glucose (mM), glycohemoglobin (HBA1C, %), triglyceride (TG, mM), total cholesterol (TC, mM), high-density lipoprotein cholesterol (HDL-C, mM) and low-density lipoprotein cholesterol (LDL-C, mM), were obtained.

A questionnaire was used to collect data regarding the smoking history of the participants, who were classified into three categories: never, former, and current smokers. Additionally, the participants were queried regarding their alcohol consumption status (never, ever, and current), with responses from current drinkers converted to reflect their weekly alcohol intake. The final exposure categories were as follows: never, former, mild (defined as 1 time/week), moderate (1-3 times/week), and vigorous (> 3 times/week). The term “physical activity (PA)” encompasses both work and recreation activities. This definition is consistent with that presented in a previous report (23). In brief, the level of PA is determined by the PA Questionnaire in the NHANES, which is based on metabolic equivalent (MET) values, the type of activity, the frequency of engagement in the activity weekly, and the duration of the activity. The PA score was calculated via the following formula: PA=MET×weekly frequency×duration of each physical activity. Participants with a PA score of 0 were classified as exhibiting no PA, whereas those with a PA score of ≥ 1 were classified as engaging in some PAs.




2.4 Diagnostic criteria for MUO

Individuals meeting two or fewer of the following diagnostic criteria were classified as having MUO: BMI of 30 kg/m2 or higher; triglyceride≥1.69 mmol/L; HDL-C ≤ 1.04 mmol/L for males and ≤ 1.29 mmol/L for females; blood pressure (systolic BP) ≥ 130 mmHg and/or diastolic BP ≥ 85 mmHg; and fasting glucose levels ≥ 5.6 mmol/L. MUO was diagnosed if three or more of the above diagnostic criteria were met (24). Participants were identified as having selected components of metabolic syndrome if they were taking medication to modify blood pressure or lipid or carbohydrate metabolism. This information was obtained from the participants’ questionnaire responses.




2.5 Statistical analysis

Appropriate weighting methods are employed to account for the complex sampling design, thereby ensuring the provision of nationally representative results in accordance with the guidelines set forth by the NHANES (25). The basic characteristics of categorical variables are expressed as counts and percentages (%), and the basic characteristics of continuous variables are described by weighted means and SDs. The differences between continuous variables were analyzed via weighted linear regression models, whereas the differences between categorical variables were analyzed via weighted chi-square tests.

The objective of this study was to evaluate the associations between serum selenium concentrations and MUO while controlling for confounding covariates. To ascertain the correlation between the serum selenium concentration and the incidence of MUO, a univariate logistic regression model was used for the preliminary analysis. Model 1 was adjusted for sociodemographic variables, including age, race, sex, marital status, family size, education and family income. Model 2 was adjusted for blood glucose, HBA1C, SBP, DBP, TC, TG, HDL-C, BMI, waist circumference, physical activity, smoke and alcohol use. Model 3 adjusts for both the covariates present in Model 2 and Model 1. These confounders were selected on basis of their associations with the outcomes of interest or a change in effect estimate of more than 10%.

In addition, smooth curves were fitted via a generalized additive model (GAM). A log-likelihood ratio test was conducted to compare the single-line model with the two-piecewise linear regression model to determine the existence of a saturation threshold. The inflection point (K), which connects the line segments, was identified as the maximum likelihood value calculated via the recursive algorithm method. Furthermore, the risk of serum selenium concentrations and MUO occurring on either side of the inflection point was also reassessed via weighted generalized linear modeling.

The statistical analyses were conducted using R (http://www.R-project.org) and Empower Stats (http://www.empowerstats.com, X&Y Solutions, Inc., Boston, MA). A two-tailed P value less than 0.05 was considered to indicate statistical significance.




2.6 Research ethics

The NHANES study protocols used were approved by the Research Ethics Review Board of the NCHS. The methods were conducted in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement. Written informed consent was obtained from all study participants.





3 Results



3.1 Baseline characteristics of the participants

The final cohort consisted of 6,125 participants, selected on the basis of the pre-established inclusion and exclusion criteria, from a total of 39,156 participants in NHANES from 2011-2018. The participants were classified into two groups on the basis of their metabolic health status. The characteristics of the study population are detailed in Supplementary Table 1. The weighted prevalence of MUO was 48.35%, with 52.24% in males and 47.76% in females. The present study indicated that participants susceptible to MUO were more likely to be male and non-Hispanic White. Additionally, these participants may have been living in households with small populations, potentially due to circumferences such as widowed, divorced, or separated. They had a history of smoking, lower alcohol consumption, and lower levels of physical activity. Furthermore, the MUO group presented elevated waist circumference, blood glucose, HBAIC, TC, TG, HDL-C, LDL-C and blood pressure, which were significantly greater than those of the MHO group (all P<0.05).

The present study demonstrated the observed discrepancies in the serum selenium concentrations observed among the participants in the MHO and MUO groups. Supplementary Table 1 shows that the weighted mean serum selenium concentration in participants with MUO was 2.48 µM (approximately 195 µg/L), which was significantly higher than that observed in the MHO group (P=0.006). The weighted prevalence of MUO was subsequently examined on the basis of tertiles of serum selenium concentrations (T1: < 2.30 µM; T2: 2.31 - 2.55 µM; T3: 2.56 - 4.09 µM). As illustrated in Table 1, there was a positive correlation between the weighted prevalence of MUO and increasing selenium concentrations. Specifically, the weighted prevalence was 44.39% in the T1 group and increased to 51.38% in the T3 group (P=0.0094). Notably, participants in the T3 group presented an elevated risk of hyperlipidemia (P=0.001) and DM (P=0.023) than did those in the MHO group.

Table 1 | Weighted characteristics of the study participants based on the serum selenium tertile.


[image: A comprehensive table displaying survey-weighted means and percentages across various characteristics such as age, sex, race/ethnicity, marital status, education, family size, income, smoking, alcohol use, work activity, recreational activity, BMI, height, weight, waist circumference, glucose, HBA1C, cholesterol levels, blood pressure, and metabolically unhealthy obesity. The table is divided into columns based on different serum levels, with associated p-values.]



3.2 Serum selenium concentrations associated with the risk of developing MUO

Four weighted multiple regression models were used to assess the correlation between the serum selenium concentration and the likelihood of MHO progressing to MUO. The results revealed a statistically significant correlation between the serum selenium concentration and the risk of MHO developing into MUO in all the models, including the crude model and the models adjusted for differences in covariates (Table 2). The fully adjusted Model 3 revealed that the weighted odds ratio (OR) for MUO increased by 44% for each unit increase in serum selenium (OR=1.44, 95% CI=1.09 - 1.91; P=0.018). Furthermore, the associations between serum selenium concentrations and metabolic abnormalities in both sexes were examined. These results indicate that the influence of selenium on metabolic functions in individuals with obesity is not contingent on sex.

Table 2 | Weighted generalized linear regression analysis for the association between serum selenium and MUO.


[image: Table displaying the odds ratios (OR) and p-values for the association between serum selenium levels and an outcome (MUO), across four models: Crude, Adjust model 1, Adjust model 2, and Adjust model 3. Key findings include the OR and confidence intervals (CI) for a 1 µM increase in selenium and for male and female sex. Adjustments in models include factors such as age, sex, BMI, and other health indicators. Results indicate varying statistical significance across models and categories.]



3.3 Characterization of the correlation between serum selenium concentrations and metabolic abnormalities in obese individuals

A log-likelihood ratio test was conducted to compare the nonsegment model to the segmented regression model, which was used to determine the threshold. The results of the log-likelihood ratio test indicate that there is a segmental relationship between the serum selenium concentration and MUO. The recursive algorithm was used to calculate the inflection point (K), which was determined to be 2.81 µM (approximately 222 µg/L) (Figure 2A).

Further examination was conducted to investigate the association between serum selenium concentrations and the risk of MHO developing into MUO by sex. In males, the effect size was 1.64, with a 95% CI of 1.09-2.48 and a P value of 0.018 on the left side of the K value (K=2.82). In females, the log-likelihood ratio of the two-segment linear model was 0.182, suggesting that the standard linear model provided a more accurate representation of the relationship between serum selenium and metabolic abnormalities (Table 3). As illustrated in Figure 2B, the correlation between serum selenium and MUO displayed a U-shaped pattern in males and a linear correlation in females.

[image: Panel A shows a graph plotting the odds ratio of MUO against selenium concentration in micromolar. The trend lines differ for two groups, depicted in red and blue with respective confidence intervals. Panel B presents a graph with similar parameters, distinguishing male and female data in red and cyan. The male line peaks around 0.6 while the female line is linear and lower, showing a consistent increase. ]
Figure 2 | Association between the serum selenium concentration and the risk of developing MUO. (A) A threshold nonlinear association between serum selenium concentration and the risk of developing MUO was found via the GAM (P<0.05). The red line represents the smooth curve fit between the variables. The blue bands represent the 95% confidence intervals (CIs) of the fits. All the analyses were adjusted for Adjust for: age, sex, race, marital status, family size, education level, family income, glucose, HBA1C, SBP, DBP, TC, TG, HDL-C, BMI, waist circumference(cm), work activity, recreational activity, smoke and alcohol use. (B). Association between the serum selenium concentration and the risk of developing MUO according to sex. A threshold, nonlinear association between the serum selenium concentration and MUO was found via a GAM (P<0.05). The red line represents the smooth curve for males. The blue line represents the smooth curve of females. All the analyses were adjusted for age, race, marital status, family size, education level, family income, glucose, HBA1C, SBP, DBP, TC, TG, HDL-C, BMI, waist circumference(cm), work activity, recreational activity, smoke and alcohol use.

Table 3 | Threshold effect analysis of serum selenium concentrations on the risk developing MUO.


[image: Table comparing male and female odds ratios (OR) using standard and two-piecewise linear models. For males, inflection point K is 2.82. OR below K is 1.64; above K is 0.38. For females, K is 2.12. OR below K is 4.10; above K is 1.35. Log-likelihood ratios are 0.011 for males and 0.182 for females. Outcomes adjusted for various factors.]



3.4 Effects of the selenium threshold interval on the progression of MHO to MUO

Metabolic abnormalities such as hypertension, hyperlipidemia, DM, stroke, and CHD are associated with dysfunctional metabolic homeostasis. The present study revealed a significantly higher prevalence of hypertension, DM, stroke, and CHD in the MUO group compared to the MHO group. In contrast, no significant difference was observed in the prevalence of hyperlipidemia between the two groups (Supplementary Table 2). We subsequently examined the correlation between the selenium concentration interval and metabolism-related abnormalities on the basis of the saturation threshold. After adjusting for all potential confounding covariates, a statistically significant increased risk of developing hypertension was observed among participants with serum selenium concentrations less than 2.82 µM in males. Table 4 illustrates the impact of different serum selenium threshold intervals on blood pressure in obese males. When the selenium concentration was less than 2.82 μM, the weighted β-value was -1.69 (95% CI: -5.51 - 2.13) for SBP and 3.34 (95% CI: 0.21 - 6.44) for DBP. The corresponding P-values were 0.389 and 0.038, respectively. During the concentration interval, a positive correlation was observed between selenium and DBP, with an increase of 3.34 mmHg in DBP for every 1 μM increase in serum selenium (Table 5). Conversely, when the selenium concentration exceeded 2.82 μM identified, which was negatively associated with SBP, a weighted β-value of -10.70 (95% CI: -17.83 - -3.57, P=0.005) was observed, along with a weighted β-value of -0.30 (95% CI: -6.25 - 5.66), with a P value of 0.923 for DBP. The results indicated a statistically significant inverse association between serum selenium concentrations and SBP, with a 10.70 mmHg reduction observed for each unit increase in serum selenium.

Table 4 | Effect of metabolic abnormalities events on the serum selenium saturation threshold.


[image: A table showing weighted odds ratios and P-values for health conditions such as hypertension, hyperlipidemia, DM, CHD, and stroke, stratified by sex (male, female) and factor K. Values are adjusted for age, race, marital status, family size, education level, family income, glucose, HBA1C, SBP, DBP, TC, TG, HDL-C, BMI, waist circumference, work activity, recreational activity, smoking, and alcohol use.]
Table 5 | The effect of higher serum selenium concentration (> 2.82µM) on blood pressure in males.


[image: Table comparing the effects of selenium levels on blood pressure. For selenium less than or equal to 2.82 micromolar, SBP's weighted beta is -1.69 (95% CI: -5.51, 2.13) with a P value of 0.389, and DBP's weighted beta is 3.34 (95% CI: 0.21, 6.44) with a P value of 0.038. For selenium greater than 2.82 micromolar, SBP's weighted beta is -10.70 (95% CI: -17.83, -3.57) with a P value of 0.005, and DBP's weighted beta is -0.30 (95% CI: -6.25, 5.66) with a P value of 0.923.]
In females, a linear association was observed between the serum selenium concentration and the risk of developing metabolic abnormalities. An elevated risk of hyperlipidemia was observed in participants whose serum selenium concentrations exceeded 2.12 µM. Table 6 illustrates the effects of different selenium threshold intervals on the serum lipid profiles of females. No statistically significant differences were detected in the effects of serum selenium on TG (weighted β=-0.78, 95% CI= -2.12 - -0.55; P=0.254), TC (weighted β=0.50, 95% CI= -0.45 -1.43; P=0.314), HDL-C (weighted β= -0.03, 95% CI= -0.42 - 0.36 P=0.881), or LDL-C (weighted β= 0.39, 95% CI= -0.75 - 1.53; P=0.508) at selenium concentrations below 2.12 μM. However, when the serum selenium concentration exceeded the threshold, we observed that the elevated serum TC (weighted β=0.54, 95% CI=0.32 - 0.76; P=0.000) and TG (weighted β=0.51, 95% CI=0.27 - 0.75; P=0.000) concentrations were elevated. At a serum concentration of 1 μM, the concentrations of TC and TG increased by 0.54 μM and 0.51 μM, respectively. However, no effects on HDL-C (weighted β= -0.00, 95% CI= -0.07 - 0.06; P=0.937) or LDL-C (weighted β=0.18, 95% CI= -0.07 - 0.43; P=0.159) concentrations were detected.

Table 6 | The effect of higher serum selenium concentration (> 2.12µM) on serum lipids in females.


[image: A table compares the effects of selenium concentrations on lipid levels, with columns for Weighted Beta, Confidence Intervals, and P values. The data is separated into two groups: selenium less than or equal to two point one two micromolar, and selenium greater than two point one two micromolar. The rows list results for total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). P values indicate statistical significance, with notable values for TG and TC in the higher selenium group.]




4 Discussion

Dysmetabolism is defined as a pathological state of energy distribution and storage. These metabolic abnormalities are regulated by micronutrients that impact the structure of proteins, enzymes, and complex carbohydrates. Previous studies have indicated a potential correlation between selenium concentrations and the development of central obesity, hypertriglyceridemia, hyperglycemia, hyperglycemia, and hypertension (26). However, previous reports on the relationship between serum selenium concentrations and the risk of metabolic abnormalities are inconclusive. For example, a study of 13,289 participants revealed an inverse correlation between selenium levels and increasing BMI. Another cross-sectional study of a Chinese adult population revealed that serum selenium concentrations were positively associated with the risk of hyperglycemia and dyslipidemia (27). Furthermore, the IMMIDET study, which was adjusted for multiple confounders, confirmed a direct association between metabolic syndrome and high serum selenium concentrations (28). The findings of the present study indicate that serum selenium concentrations are associated with metabolic abnormalities in individuals with obesity and that sex differences exist.

Many studies have demonstrated that increasing dietary selenium levels through food processing techniques (29, 30) or supplementary selenium supplementation can confer cardiovascular health benefits. However, excessive selenium has adverse or even toxic effects on health (31). In the present study, we employed a larger sample size and a cross-sectional design using data from the 2011-2018 NHANES to ascertain the relationship between serum selenium concentrations and the progression of MHO to MUO in individuals with obesity. The results revealed that the weighted mean selenium concentration of the study participants was 2.46 μM (min: 1.33 µM or 105 µg/L, max:4.09 µM or 322 µg/L), which is above the average concentration for residents of the United States (approximately 1.74 µM or 137 µg/L) (32, 33) and Europe (1.09 µM or 85.8 µg/L) (34). Moreover, weighted mean selenium concentration was higher in the MUO group than in the MHO group. Furthermore, after adjusting for all covariates, the results of the generalized weighted regression analysis indicated that elevated serum selenium was associated with an increased risk of metabolic abnormalities in obese individuals. The presence of elevated serum selenium concentrations may induce dysregulation of metabolic homeostasis in vivo, thereby accelerating the transition from MHO to MUO.

The results of our investigation provide novel insights into the relationship between selenium and metabolic homeostasis. First, we observed that there were sex-based differences in the correlation between serum selenium concentrations and the risk of metabolic abnormalities. In males, the serum selenium concentration exhibited an inverted U-shaped correlation with metabolic abnormalities, whereas in females, the correlation between the selenium concentration and metabolic dysfunction was linear.

In the present study population, the weighted mean concentration of serum selenium was 2.50 µM in males, whereas it was 2.43 µM in females (P<0.001). This finding is consistent with the results of previous studies that reported higher serum selenium concentrations in males than in females (35, 36). Furthermore, no significant difference in the weighted mean concentration of selenium was detected between the MHO and MUO groups (2.50 vs. 2.51 µM, P=0.699) in males, but a significant difference was detected in females (2.41 vs. 2.46 µM, P=0.003). We postulate that the discrepancies in outcomes between the sexes may be attributed to variations in selenium uptake by sex organs or hormones. For example, selenium is retained in the testes of males (37), whereas there is no evidence that selenium uptake or retention by the female reproductive system is significant (38). Consequently, when selenium intake is excessive and results in increased selenium uptake in the body, alterations in metabolic health status are more pronounced in females.

Second, the most prominent symptom of obesity is abnormal serum lipid metabolism. All participants in this study were diagnosed with obesity on the basis of their BMI. Accordingly, the weighted prevalence of hyperlipidemia was not significantly different between the MHO (78.75%) and MUO (79.03%) groups. A comparison of the T1-3 groups according to the classification of selenium concentrations revealed that TG and TC concentrations were significantly higher in the T3 subgroup, whereas the opposite was observed for HDL-C. In females, elevated serum selenium concentrations above the saturation threshold were associated with significantly higher TC (weighted β=0.54, 95% CI= 0.32 - 0.76; P=0.000) and TG (weighted β=0.51, 95% CI= 0.27 - 0.75; P=0.000) concentrations. These findings indicate that alterations in the serum lipid profile represent a crucial phenomenon through which excess selenium in vivo induces metabolic remodeling in females.

Third, the majority of previous studies have indicated that there is no statistically significant correlation between selenium levels and hypertension. Nevertheless, a limited number of studies have indicated that selenium may contribute to the prevention of hypertension. The results of our study demonstrated a statistically significant discrepancy in the weighted incidence of hypertension between MHO (31.85%) and MUO (69.01%). Furthermore, the impact of the serum selenium concentration on blood pressure above and below the threshold interval was calculated. Interestingly, male participants exhibited heightened sensitivity to lower serum selenium concentrations. For example, elevated serum selenium concentrations have been demonstrated to increase the risk of elevated DBP when serum selenium concentrations are less than 2.82 µM. Conversely, when serum selenium exceeded the threshold, elevated selenium was accompanied by a decrease in SBP (weighted β: -10.70, 95% CI: -17.83 - 3.57, P=0.005). Notably, this study exclusively examined the influence of selenium concentrations below the saturation threshold on blood pressure in males. Nevertheless, selenium plays an essential role in numerous physiological processes within the body and must be maintained at optimal levels to sustain normal biological function. Accordingly, further research is required to determine the selenium threshold that causes elevated blood pressure.

This study has several potential limitations. First, the current study examined only the effects of selenium on metabolic abnormalities and did not consider the potential influence of other minerals or micronutrients. Second, all of the study participants were obese, thus the study did not control for the effects of diet and genetics on the outcome. Third, as our study was conducted exclusively with adult participants in the United States, the findings may be limited in terms of their generalizability. Nevertheless, the study also has several strengths. First, the sample size of the present study was sufficiently large to permit a clear distinction between MHOs and MUOs. Second, the NHANES-recommended data weighting and merging method was employed, thereby facilitating a more comprehensive analysis of the potential role of selenium in the metabolic transition from healthy to unhealthy.

In conclusion, the results of our study indicate that serum selenium plays a significant role in the metabolic remodeling observed in participants with MHO. Elevated serum selenium concentrations have been demonstrated to increase the risk of the conversion of MHO to MUO, and this risk appears to differ by sex. In males, an inverted U-shaped correlation pattern was demonstrated, as evidenced by alterations in blood pressure. In females, a linear correlation was observed, with serum selenium concentrations exceeding a threshold increasing the likelihood of hyperlipidemia and facilitating the conversion of MHO to MUO by modulating serum lipid alterations.
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Objective: To assess the potential value of fibroblast growth factor 19 (FGF19) as a predictor of gastrointestinal (GI) dysfunction in patients with sepsis.
Methods: A prospective study was conducted, and 209 patients who were diagnosed with sepsis and admitted to the intensive care unit (ICU) at teaching hospitals in China were enrolled from June 2023 to December 2023. The serum FGF19 level was determined at ICU admission. The differences in serum FGF19 levels between the two groups were compared via the Mann–Whitney U test, and Spearman’s correlation coefficient was used to identify the correlations of the FGF19 concentration with other clinical variables and biomarkers. Receiver operating characteristic (ROC) analysis was used to determine the value of FGF19 in predicting GI dysfunction in patients with sepsis.
Results: The total ICU mortality rate was 13.3% (24/180). There was a tendency toward increased ICU mortality in patients with sepsis-associated GI dysfunction compared with patients without GI dysfunction with statistical significance (21.9% vs. 8.6%, p = 0.031). Serum FGF19 levels were significantly higher in patients with sepsis-associated GI dysfunction than in patients without GI dysfunction [355.1 (37.2, 2315.4) μg/mL vs. 127.4 (5.7, 944.2) μg/mL, p = 0.003]. The results of receiver operating characteristic (ROC) curve analysis revealed that the area under the ROC curve (AUC) for the ability of FGF19 to predict GI dysfunction in patients with sepsis was 0.773 (95% CI 0.712 ~ 0.827), which was greater than the predictive capacity of PCT [AUC = 0.632 (95% CI 0.562 ~ 0.804)].
Conclusion: Serum FGF19 could be considered as a novel predictor or biomarker of GI dysfunction in patients with sepsis.
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1 Introduction

Sepsis is a common critical disease in intensive care units (ICUs), and its incidence is related to the body’s response to infection, with the progression of the disease leading to multiple organ dysfunction. Severe cases can be life-threatening, however, in recent years, the diagnosis and treatment of sepsis have made great progress, but the mortality rate of patients is still as high as 30% (1–3). Acute gastrointestinal (GI) dysfunction (4) is an acute pathological change in the GI tract secondary to trauma, burn, shock and other systemic lesions, with GI mucosal damage as well as motor and barrier dysfunction as its main features. The disease is not a separate group of diseases but rather a descriptively elusive component of multiple organ dysfunction syndrome. These include acute gastric mucosal lesions, acute non-calculous cholecystitis, translocation of the intestinal flora and toxins, diarrhea associated with critical illness, and slow or disappearance of intestinal peristalsis caused by nerve palsy. Owing to its unclear definition and classification, the Sequential Organ Failure Assessment (SOFA) score was not included. However, studies have shown that GI dysfunction occurs in approximately 85% (470/550) of patients in the ICU and is closely related to prognosis, which has become a weak link in the study of multiple organ dysfunction (5). Therefore, monitoring, prevention and treatment of GI dysfunction in critically ill patients have received increasing attention from medical personnel (6, 7).

At present, there are no effective predictors of GI dysfunction in sepsis patients. The acute GI dysfunction classification proposed by the European Society of Intensive Care Medicine (ESICM) in 2012 is susceptible to subjective factors, and its clinical application is limited (8, 9). Therefore, the development of early GI dysfunction predictive biomarkers has important clinical value. During fetal life, fibroblast growth factor (FGF)15/19 is involved in organogenesis, affecting the development of the ear, eye, heart, and brain. In adulthood, FGF15/19 is produced mainly by the ileum and acts on the liver to repress hepatic bile acid synthesis and promote postprandial nutrient partitioning (10). Lee et al. (11) reported that the secretion of FGF19 prevented the excessive production of intestinal bacteria and their entry into the portal vein, and inhibited the progression of liver inflammation. Zhao et al. (12) reported that FGF19 can inhibit the NF-κB signaling pathway to achieve anti-inflammatory effects, which is a key feature in the early stage of sepsis, and that the FGF19 may be a predictive biomarker of GI dysfunction. Therefore, increased FGF19 levels might be an early predictor of acute gastrointestinal (AGI) dysfunction in sepsis patients. Accordingly, we hypothesized that increased FGF19 levels are associated with AGI development in sepsis patients, and the aim of this manuscript is performed to verify this hypothesis.

In this study, sepsis patients in the ICU of the Shanghai General Hospital from June 2023 to December 2023 were included to observe serum FGF19 level and explore the relationship between serum FGF19 level and GI dysfunction. To provide a reference for the prediction of sepsis complicated with GI dysfunction.



2 Methods


2.1 Patients

This prospective observational study recruited continuous patients who were diagnosed with sepsis and admitted to the ICUs of teaching hospitals in China (Class III, Class A hospital) from June 1, 2023, to December 30, 2023; these patients were divided into a sepsis group without GI dysfunction and a sepsis group with GI dysfunction according to their presence or absence (Figure 1). Each patient was followed for 28 days, and the last follow-up for all patients was completed on January 30, 2024. All enrolled patients received standard care during their intensive care unit (ICU) stay. This study was approved by the ethics committee of Shanghai General Hospital (2,023, 190). Each procedure adhered to the Helsinki Declaration. Informed consent and signatures were obtained from all patients or their guardians.

[image: Flowchart illustrating patient recruitment for a study at Shanghai General ICU. Out of 209 sepsis patients, 29 were excluded due to reasons such as incomplete data, age under eighteen, early discharge or death, and prior antibiotic treatment. The remaining 180 patients were recruited, with 116 categorized as GIDS 0-1 and 64 as GIDS 2-4.]

FIGURE 1
 The flow of patient selection. GIDS, Gastrointestinal Dysfunction Score.


The inclusion criteria for patients were as follows: met the diagnostic criteria for sepsis and the SOFA score defined in the Third International Consensus on the Definition of Sepsis and Septic Shock (Sepsis 3.0) (13) (suspected clinical infection and SOFA score ≥ 2); all patients were ≥ 18 years old. The exclusion criteria were as follows:(1) patients who had used antibiotics in the past two weeks; (2) patients who were clearly diagnosed with malignant tumors; (3) patients who died within 72 h after admission; (4) patients whose medical records were incomplete. According to Gastrointestinal Dysfunction Score (GIDS), the patients were divided into two groups: the sepsis without GI dysfunction group and the sepsis with GI dysfunction group.



2.2 Data collection

A case report form (CRF) was established in advance, and clinical parameters such as age, sex, body mass index (BMI), past medical history, source of infection, and mechanical ventilation were recorded. The laboratory indicators included the following: ① Routine blood indicators, including white blood cells (WBCs) and platelets (PLTs). ② Indicators related to organ function, including total bilirubin (TBIL), albumin (ALB), total bile acid (TBA), blood urea nitrogen (BUN), creatinine (Cr), and lactate (Lac) levels. ③ Coagulation function indicators, including activated partial thromboplastin time (APTT), the international normalized ratio (INR), and fibrinogen (Fib). ④ Susceptibility indicators, including PCT and C-reactive protein (CRP), were measured. The outcome variables included length of ICU stay and ICU mortality. The experimental indicators were collected within 24 h after ICU admission. The GIDS, Acute Physiology and Chronic Health Evaluation II (APACHE II), and SOFA scores were recorded daily for the first 7 days after ICU admission. FGF19 levels were measured twice within 3 days after admission and recorded. Take the average of the two measured values.

The worst GIDS score within 7 days after admission, the number of patients receiving total enteral nutrition and the number of patients with feeding intolerance were recorded. The primary end point was the ratio of GI deterioration, and the secondary end points were the feeding intolerance incidence rates and total enteral nutrition ratios within 7 days after admission. To ensure the accuracy of the data, two specially trained medical staff members are responsible for collecting data from all patients. The patient data collected by the night doctor were verified for eligibility by two specially trained medical staff.

Measurement of markers: At the time of admission to the ICU, peripheral venous blood was collected under non-anticoagulant conditions before antibiotics were administered. Serum was collected after centrifugation and stored at −80°C for future use. Serum FGF19 levels were determined via an enzyme-linked immunosorbent assay (ELISA) kit (Hangzhou Lianke Biotechnology Co., Ltd.).



2.3 Gastrointestinal dysfunction score (GIDS) evaluation

The GIDS, a new gastrointestinal dysfunction score developed by Blaser et al. (14) for critically ill patients, was applied in this study. The scoring system was divided into 5 grades (Figure 2). Liu et al. (9) studied and verified a GIDS and achieved the expected effect. Prior to the start of the study, two medical staff members were trained in the scoring of the GIDS scale. Daily GI and abdominal symptoms (vomiting/reflux, loss of intestinal sounds, diarrhea, bloating, GI bleeding, GI paralysis/dynamic ileus), gastric residual volume (GRV), intra-abdominal pressure (IAP), nutritional, and GI medication data were recorded for patients with GI dysfunction after admission. All variables are defined as recommended by international consensus. Severe diarrhea (Bristol grade 6–7) is defined as the presence of 1,000 mL of stool per day or five times a day. The IAP and GRV were measured in patients by indwelling bladder catheters or nasogastric tubes. On the basis of acute gastrointestinal injury (AGI) scoring experience (divided into groups І-II and III-IV), the patients in this study were divided into a group without GI dysfunction (0–1) and a group with GI dysfunction (2–4) according to the GIDS.

[image: Table categorizing risk levels for gastrointestinal issues, from "0 - No risk" with no symptoms, to "4 - Life threatening" with one critical symptom such as GI bleeding leading to hemorrhagic shock. Each level specifies required symptoms and conditions for classification. Abbreviations: GRV (gastric residual volume), GI (gastrointestinal), IAP (intra-abdominal pressure).]

FIGURE 2
 GIDS (Gastrointestinal Dysfunction Score).




2.4 Statistical analysis

Statistical analysis was performed via STATA 15.0MP (College Station, Texas, United States) software. The Kolmogorov–Smirnov test was used for normality analysis of the quantitative data. Quantitative data following a normal distribution are presented as x̄ ± s, and differences between groups were compared via t tests. Quantitative data with a non-normal distribution are expressed as M (Q1, Q3), and nonparametric rank sum tests were used to compare differences between groups. Qualitative data are expressed as n (%), and differences between groups were compared via the χ2 test. Spearman correlation coefficients were used to determine the associations of the FGF19 concentration with other clinical variables and biomarkers. Receiver operating characteristic (ROC) curves were used to analyze and evaluate the predictive efficacy of FGF19 and PCT in sepsis patients complicated with GI dysfunction. p < 0.05 indicated that the difference was statistically significant.




3 Results


3.1 Patient characteristics

A total of 180 patients with sepsis were included, including 102 males and 78 females. Patients were divided into two groups according to the presence or absence of GI dysfunction: the sepsis without GI dysfunction group (n = 116) and the sepsis with GI dysfunction group (n = 64). In 64 patients with sepsis complicated with GI dysfunction, the interval time from ICU admission to GI dysfunction was 0 (0, 4.0) days, and the duration of GI dysfunction during the ICU stay was 4.0 (3.0, 8.0) days. There were significant differences in the SOFA score and APACHE II score between the two groups (p < 0.05). The mortality rate of sepsis in the ICU was 13.3% (24/180). The mortality rate of patients with sepsis combined with GI dysfunction in the ICU was significantly greater than that of patients with sepsis without GI dysfunction (21.9% vs. 8.6%) (p = 0.031). There were no statistically significant differences in age, sex, BMI, previous history, source of infection, diabetes, hypertension or mechanical ventilation between the two groups (Table 1).



TABLE 1 Baseline characteristics of patients with sepsis.
[image: Table comparing clinical parameters between sepsis patients with and without gastrointestinal (GI) dysfunction. It lists metrics like sex, age, body mass index, SOFA, APACHE II scores, comorbidities, infection sites, AKI stages, ventilator use, hospital stay, and ICU mortality. Differences are assessed with statistical values and p-values.]



3.2 Relationships between serum laboratory indices and GI dysfunction in sepsis patients

The serum FGF19 level of sepsis patients with GI dysfunction was significantly greater than that of sepsis patients without GI dysfunction when admitted to the ICU [355.1 (37.2, 2315.4) pg./mL vs. 127.4 (5.7, 944.2) pg./mL, p = 0.003]. Compared with that in the sepsis group without GI dysfunction, the PCT level was significantly greater in the sepsis group with GI dysfunction [7.12 (5.12, 8.13) ng/mL vs. 3.71 (3.29, 4.23) ng/mL, p < 0.001]. Compared with that in the sepsis group without GI dysfunction, the TBA level was significantly greater in the sepsis group with GI dysfunction [15.26 ± 2.05 (μmol/L) vs. 9.88 ± 1.32 (μmol/L), p < 0.001]. The level of serum Lac in patients with sepsis combined with GI dysfunction tended to increase, but the difference was not statistically significant (p = 0.481). There was no significant difference in WBC, PLT, TBIL, ALB, BUN, Cr, APTT, INR, Fib or CRP between the two groups (Table 2).



TABLE 2 Comparison of the laboratory indices of septic patients with GI dysfunction and without GI dysfunction.
[image: Table comparing various parameters between patients with sepsis with and without gastrointestinal (GI) dysfunction, including FGF19, WBC, PLT, INR, APTT, Fib, ALB, TBIL, TBA, Cr, BUN, LAC, PCT, and CRP. Statistically significant differences at the 0.05 level are seen for FGF19, TBA, and PCT, indicated by their p-values. Other parameters show no significant difference.]



3.3 Correlation analysis between FGF19 and the APACHE II score, SOFA score and PCT

In this study, the correlation analysis of FGF19 with the APACHE II score, SOFA score and PCT score revealed that the level of FGF19 was positively correlated with the APACHE II score, SOFA score and PCT score [(r = 0.503, p < 0.001), (r = 0.471, p < 0.001), (r = 0.416, p < 0.001)] (Table 3).



TABLE 3 Correlations of FGF19 levels with different clinical parameters and blood markers in sepsis patients.
[image: A table displays Pearson's coefficient and P value for four variables. APACHE II: 0.503, SOFA: 0.471, TBA: 0.817, PCT: 0.416. All have P values less than 0.001.]



3.4 Serum FGF19 as a predictor of GI dysfunction in sepsis patients

ROC curve analysis results showed that the area under ROC curve (AUC) of FGF19 in predicting sepsis complicated with GI dysfunction was 0.773 (95%CI 0.712–0.827). The AUC corresponding to PCT was 0.632 (95%CI 0.562 ~ 0.804). When the cutoff value of serum FGF19 was 210 μg/mL, the sensitivity and specificity of predicting sepsis with GI dysfunction were 78.3 and 65.3%, respectively. When the cutoff value of serum PCT level was 5.31 ng/mL, the sensitivity was 60.0%, and the specificity was 66.5% (Table 4, Figure 3).



TABLE 4 Efficacy analysis of serum FGF19 and PCT in predicting GI dysfunction in patients with sepsis.
[image: Table showing diagnostic values for FGF19, PCT, and TBA. Columns include Youden index, cut-off value, AUC, 95% confidence interval, sensitivity, and specificity. FGF19 has a Youden index of 0.436, cut-off of 210 pg/mL, AUC of 0.773, 95% CI of 0.712 to 0.827, sensitivity of 78.3%, and specificity of 65.3%. PCT has a Youden index of 0.265, cut-off of 5.31 ng/mL, AUC of 0.632, 95% CI of 0.562 to 0.804, sensitivity of 60.0%, and specificity of 66.5%. TBA has a Youden index of 0.378, cut-off of 11.63, AUC of 0.759, 95% CI of 0.704 to 0.810, sensitivity of 75.6%, and specificity of 62.2%.]

[image: Receiver Operating Characteristic (ROC) curve showing the sensitivity versus 100-specificity for four markers: FGF19 (blue), PCT (gray), TBA (yellow), and a baseline (orange). The FGF19 curve shows the highest area under the curve, indicating superior performance.]

FIGURE 3
 ROC curve analysis of the ability of serum FGF19 and PCTlevels to predict GI dysfunction in patients with sepsis.





4 Discussion

In the intensive care setting, GI dysfunction is a common complication among critically ill patients and is closely linked to patient outcomes (15, 16). In this study, the incidence of GI dysfunction in patients with sepsis was 35.6% (64/180). The ICU fatality rate of sepsis patients with GI dysfunction was 21.9%, which was significantly greater than that of patients without GI dysfunction (8.6%) (p = 0.031). Early identification of sepsis complicated with GI dysfunction and timely intervention are key to improving the prognosis of sepsis patients.

The serum PCT level has important clinical value in sepsis infection and related organ damage (17, 18). Studies have shown that PCT has clinical significance in the diagnosis of intestinal ischemia, early prediction and timely diagnosis and treatment of inflammatory bowel disease (19, 20). These findings suggest that sepsis complicated with GI dysfunction may be closely related to changes in the serum PCT level. In this study, the serum PCT level was used to predict sepsis complicated with GI dysfunction. When the cutoff value was 5.31 ng/mL, the AUC was 0.632, the sensitivity was 60.0%, and the specificity was 66.5%. These findings suggest that PCT is an effective biomarker for predicting sepsis complicated with GI dysfunction. Since PCT is a routine clinical parameter, its clinical importance in predicting and identifying sepsis complicated with GI dysfunction deserves further attention.

This study revealed that in the early stage of sepsis, the serum FGF19 concentration in sepsis patients with GI dysfunction was almost three times greater than that in sepsis patients without GI dysfunction. When the cutoff value of serum FGF19 was 210 μg/mL, the corresponding sensitivity was 78.3% and the specificity was 65.3%, suggesting that an increase in the serum FGF19 concentration was a significant predictor of sepsis combined with GI dysfunction. This study also revealed that the level of TBA in sepsis patients with GI dysfunction was significantly greater than that in sepsis patients without GI dysfunction. The AUC for predicting GI dysfunction in sepsis patients was 0.759, with a sensitivity of 75.6% and a specificity of 62.2%. Shi et al. (21) reported a relationship between bile acid levels and GI dysfunction, but thea relationship between sepsis combined with GI dysfunction and bile acid levels has not been reported. Many studies have shown that TBA and FGF19 are closely related (22–24). Schaap et al. (25) reported that FGF19 was highly expressed in extrahepatic cholestasis. Cholestasis is a common complication of sepsis, and increased plasma levels of bile acids are predictive of sepsis-associated mortality. However, the exact mechanism by which cholestasis aggravates sepsis development remains elusive (26). Sun et al. (27) suggested that bile acid activates farnesoid X receptor (FXR) in the intestine and induces the expression of fibroblast growth factor 15 (FGF15, homologous with human FGF19) when patients with sepsis have abnormal liver function. FGF15 decreases bile acid levels through a gut–microbiota–liver feedback loop by suppressing the expression of cholesterol 7α-hydroxylase (CYP7A1) in the liver—the rate-limiting step in bile acid synthesis. In the FGF metabolic axis (28), FGF19 is responsible for the negative feedback regulation of bile acid synthesis. However, in this study, both bile acid and FGF19 levels were elevated in sepsis patients with GI dysfunction, indicating that FGF metabolic axis did not play a decisive role in the changes of bile acid and FGF19 levels in patients with sepsis. The main manifestations of septic liver injury are hypoxic hepatitis caused by ischemia, cholestatic liver injury caused by bile metabolism disorders, and liver injury caused by an excessive inflammatory immune response (29). Leonhardt et al. (30) reported that circulating bile acids capable of inducing immunosuppression are present in septic shock patients with severe liver failure. Chen et al. (31) reported that intestinal FGF19 secretion and associated inhibition of hepatic CYP7A1 expression provided evidence of physiologically relevant gut–liver crosstalk. The excessive increase in FGF19 may involve the disruption of bile acid homeostasis, carbohydrate metabolism, protein synthesis, lipid metabolism and glucose metabolism (32–36). We believe that the apparent increase in FGF19 in sepsis patients with GI dysfunction may be due to Bile acid regulation failure and increased responsiveness to inflammation (12), and the specific mechanisms need to be further studied. This study also revealed that the FGF19 level was positively correlated with the SOFA score and APACHE II score in sepsis patients with GI dysfunction. Li et al. (37) reported that the level of FGF19 in deceased sepsis patients was significantly greater than that in non-deceased patients. These findings suggest that the concentration of FGF19 may reflect the severity of sepsis. In addition, the results of this study revealed that baseline serum concentrations of FGF19 were positively correlated with baseline concentrations of PCT, a typical inflammatory biomarker for sepsis. These results suggest that the level of FGF19, an anti-inflammatory cytokine, increases simultaneously with that of proinflammatory cytokines in the early stages of sepsis. Since FGF19 is an intestinal secreted protein, compared with PCT which is an indicator of infection, it is speculated that FGF19 has the advantage of indicating intestinal lesions. In this study, FGF19 was associated with abnormal GI function in patients with sepsis, which provides a new perspective for the assessment of GI dysfunction.


4.1 Limitations

There are some limitations in this study. First of all, as a reference biomarker for GI dysfunction, the sample size is small due to the limitation of blood sample size, and there may be bias. Second, there was no subgroup analysis of the severity of GI dysfunction and the source of infection in patients with sepsis combined with GI dysfunction. Third, this study did not analyze the dynamic changes of FGF19. Despite the above research limitations, FGF19, as a specific intestinal secreted protein, is closely related to GI dysfunction associated with sepsis, and is expected to become a novel biomarker for predicting GI dysfunction.




5 Conclusion

In conclusion, serum FGF19 is a risk factor for sepsis combined with GI dysfunction, and the serum FGF19 level at ICU admission can be used as a novel biomarker to predict and evaluate the risk of GI dysfunction in sepsis patients during their ICU stay. Serum FGF19 concentrations above 210 μg/mL indicate an increased risk of GI dysfunction in patients with sepsis.
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Background: The impact of micronutrients, including vitamins and minerals, on different kidney diseases has been reported in some observational studies; however, their causal relationship remains uncertain. We aimed to ascertain the causal genetic relationships between micronutrients and different kidney diseases using the Mendelian randomization (MR) method.
Methods: Instrumental variables (IVs) for genetically predicting calcium (Ca), iron (Ir), Zinc (Zn), selenium (Se), copper (Cu), vitamin D (Vit D), and vitamin C (Vit C) levels in humans were obtained, and a bidirectional two-sample MR was used to examine potential associations between the levels of these seven micronutrients and the risk of seven different kidney diseases including hypertensive renal disease, diabetic nephropathy, IgA nephropathy, membranous nephropathy, cystic nephropathy, chronic kidney disease (CKD), and chronic tubulo-interstitial nephritis. Five different MR analyses were conducted, with the main method being the inverse variance-weighted (IVW) method. Moreover, sensitivity analyses were performed to assess heterogeneity and potential pleiotropy.
Results: The IVW method revealed that Ca levels were associated with a decreased risk of hypertensive renal disease (OR = 0.61, 95% CI: 0.40–0.93, p-value = 0.022), and Se levels were associated with a decreased risk of hypertensive renal disease (OR = 0.72, 95% CI: 0.53–0.99, p-value = 0.040), diabetic nephropathy (OR = 0.83, 95% CI: 0.73–0.93, p-value = 0.002), and CKD (OR = 0.87, 95% CI: 0.77–0.99, p-value = 0.028). Conversely, Vit D levels were associated with an increased risk of polycystic kidney disease (OR = 1.76, 95% CI: 1.15–2.69, p-value = 0.0095). In addition, no potential causal relationship was found between vitamin C levels, iron levels, zinc levels, and copper levels and different kidney diseases. Meanwhile, inverse Mendelian randomization showed no potential causal relationship between different chronic kidney diseases and micronutrients. The Cochrane’s Q test, MR-Egger regression, and MR-PRESSO did not suggest heterogeneity and pleiotropy, providing evidence of the validity of the MR estimates.
Conclusion: Our results indicate a cause-and-effect connection between micronutrients and certain kidney diseases, but additional study is required to provide more conclusive evidence. This research has the potential to assist clinicians in managing the consumption of specific micronutrients among individuals with chronic kidney diseases, as well as in promoting disease prevention among both healthy populations and those who are susceptible to chronic underlying conditions.
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Introduction

Kidney diseases are a general term that encompasses a variety of disease types with numerous classification criteria, including primary glomerular diseases (such as membranous nephropathy, IgA nephropathy, glomerulonephritis), acute kidney failure, chronic tubulointerstitial nephritis, diabetic nephropathy, hypertensive renal disease, polycystic kidney disease, and chronic kidney disease (CKD), among others (1). According to the International Society of Nephrology, at least 850 million people worldwide suffer from kidney diseases. In addition, The global prevalence of CKD varies between 8 and 16%, as reported by the International Society of Nephrology. In 2010, CKD ranked 18th among all causes of death worldwide, with an annual mortality rate of 16.3 deaths per 100,000 individuals. This rate is rising, presenting a significant challenge to the global public health system (2, 3). The pathogenic mechanisms of different kidney diseases are complex and not entirely understood due to their numerous origins and consequences. In the absence of appropriate intervention and therapy, the condition has the potential to rapidly advance towards end-stage renal failure.

Micronutrients, which encompass minerals and vitamins, typically comprise non-metallic or metallic components, including calcium (Ca), iron (Ir), Zinc (Zn), selenium (Se), copper (Cu), as well as both fat-soluble and water-soluble vitamins. These nutrients are necessary for normal growth, development, and physiological activities, even if they are required in smaller amounts (4). However, the available data indicates that almost 30% of the global population experiences at least one kind of trace nutrient deficiency, which primarily affects children and pregnant women (5). Furthermore, observational studies have revealed the correlation between micronutrients and different kidney diseases. A prospective study conducted by Chen CY et al. found a positive correlation between serum Se and Zn levels and renal function, as well as improved kidney outcomes. Specifically, higher Zn concentrations were found to independently predict better kidney survival (6). In addition, cohort research conducted over a period of 12 years demonstrated correlations between inadequate consumption of phosphorus, vitamin B2, and folate in one’s diet and elevated consumption of vitamin B6 and vitamin C in one’s diet, with an elevated susceptibility to CKD stage 3B and higher (7). Additionally, vitamin D and its metabolites play an important role in regulating calcium-phosphorus balance as well as bone formation and calcification. They are associated with the risk of various diseases and complications. A meta-analysis of observational studies showed that CKD patients treated with vitamin D had a lower mortality rate compared to those who did not receive treatment (8).

Mendelian randomization (MR) analysis is an effective epidemiological method that uses genetic variation as instrumental variables (IVs) to analyze causal relationships between exposure factors and outcomes (9). Mendel’s law of inheritance posits that genetic differences are predetermined and independent of postnatal conditions, significantly mitigating the impact of common confounding variables and the potential for reverse causation (10, 11). In this study, MR analyses were conducted to investigate the causal relationships between trace nutrients and different kidney diseases.



Materials and methods


Study design

The STROBE-MR (Strengthening Reporting of Observational Studies in Epidemiology Using Mendelian Randomization) statement was followed in the conduct of our study (12). In this study, serum levels of Cu, Ir, Zn, Ca, Se, Vitamin C (Vit C), and Vitamin D (Vit D) were considered as exposures to seven different kidney diseases, including hypertensive renal disease, diabetic kidney disease, IgA nephropathy, membranous nephropathy, polycystic kidney disease, different kidney disease (CKD), and chronic tubulointerstitial nephritis as outcomes. The screening of MR is contingent upon the rigorous adherence to three fundamental assumptions (1): a robust correlation exists between the chosen IVs and the factors of exposure (2); The IVs do not exhibit any associations with confounding factors that could potentially influence the outcome (3); The IVs can solely impact outcomes via the exposure factor route, and there is no direct association between IVs and outcomes (13). The data analysis in this study relied solely on publicly accessible data, obviating the need for ethical approval from an ethics commission (Figure 1).
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FIGURE 1
 Flowchart of the MR investigating the causal relationship between serum micronutrients and different kidney diseases. SNPs, Single nucleotide polymorphisms; LD, linkage disequilibrium; MR, Mendelian randomization.




GWAS statistics source

The micronutrient data utilized in this work were obtained from the IEU OpenGWAS program and are accessible at the following website: https://gwas.mrcieu.ac.uk/. The FinnGen Consortium (website: https://www.finngen.fi/en) provides Genome-wide association studies (GWAS) for seven different kidney diseases. The study included exclusively European populations as participants, and there was no overlap in the samples between exposures and outcomes. This approach significantly minimized mistakes caused by confounding factors. In cases where multiple independent GWAS were accessible, the study with a greater number of participants was chosen. Pooled GWAS data were chosen for the analysis of five important minerals and two vitamins (14, 15). The detailed information of GWAS on exposures and outcomes used in this MR is shown in Table 1.



TABLE 1 The detailed information of GWAS on exposures and outcomes incorporated in this MR.
[image: Table listing genetic study information with columns: GWAS ID, Population (all European), Trait, Consortium, Sample size, and Number of SNPs. Traits include levels of Vitamin D, calcium, and diseases like nephropathy. Sample sizes range from 2,085 to 477,784, and SNP numbers from 2,096,457 to 24,182,646.]



Selection of the IVs

Typically, we set the threshold at p < 5 × 10−8 in order to identify single Nucleotide Polymorphisms (SNPs) that are substantially associated with exposures. Nevertheless, certain summarized GWAS datasets exhibited a restricted number of SNPs that achieved genome-wide significance. Consequently, we choose to lower the criterion for certain datasets. The association thresholds for Ca and Vit D were established at p < 5 × 10−8, whereas for Cu, Ir, Zn, Se, and VitC, the association thresholds were set at p < 5 × 10−6. The implementation of various thresholds was employed in earlier MR research with the objective of achieving a higher number of compatible SNPs (16, 17). In order to minimize bias, we then eliminated linkage disequilibrium (LD) and established a threshold of r2 < 0.001, with kb = 10,000. In addition, in order to minimize bias, we eliminated palindromic variants of incompatible alleles and evaluated the potency of the chosen SNPs by computing the F statistic with the following formula:

[image: Formula representing F-statistic for regression: F equals R squared multiplied by (N minus 2) divided by (1 minus R squared).]

where N denotes the sample size, and R2 indicates the extent to which IVs explain the exposure. And we would eliminate the SNPs with F < 10 (18, 19). Then, we conducted the Steiger test before each MR analysis to avoid reverse causality and included SNPs with TRUE results. Furthermore, we manually screened these SNPs using PhenoScanner1 and excluded any SNPs associated with confounding factors, such as smoking and alcohol, which could potentially affect the study results. Additionally, this study conducted a reverse Mendelian randomization analysis to reduce the potential impact of chronic kidney diseases on micronutrient levels. Since a threshold of p < 5 × 10−8 did not yield enough SNPs, we also set a threshold of p < 5 × 10−6 for selecting instrumental variables and proceeded with subsequent analyses.



MR analyses and sensitivity analyses

Five different methods of MR, including MR Egger, weighted median, inverse variance weighted (IVW), simple mode, and weighted mode, were utilized to investigate the causal effects between micronutrients and chronic kidney diseases. The basic statistical model employed in this study was IVW estimation, while the remaining four methods were utilized to enhance their robustness. A significance level of less than 0.05 was deemed to be statistically significant. The Cochran’s Q test was employed to evaluate the heterogeneity of results, and a p-value of less than 0.05 was utilized to indicate the presence of heterogeneity (20). The assessment and correction of horizontal pleiotropy were conducted using MR-Egger regression and MR-PRESSO, and p-value of less than 0.05 was obtained, confirming the presence of horizontal pleiotropy (21). Furthermore, a leave-one-out analysis was conducted to evaluate the potential impact of aberrant SNPs on the obtained results. Funnel plots were employed to evaluate potential directional pleiotropy. The statistical analyses were conducted using R software version 4.3.2, specifically utilizing the TwoSampleMR R package (v0.5.7) and MR-PRESSO (v1.0; Figure 2).

[image: Dot plot showing the relationship between different renal diseases and nutrients, with circle size and color indicating P-values. Darker and larger circles represent lower P-values. Notable associations are seen between hypertensive renal disease and various nutrients, especially a strong link with vitamin D.]

FIGURE 2
 Bubble plots of MR results between micronutrients and seven chronic kidney diseases derived using the IVW method. MR, Mendelian randomization; IVW, inverse variance weighted.





Results

After strictly following the IVs screening process, we finally obtained SNPs for this MR Study (Supplementary Table 1). Figures 3, 4 show the positive results of this two-sample MR analysis of micronutrients and seven chronic kidney diseases using the IVW approach. The IVW analysis revealed that Ca was associated with a decreased risk of hypertensive renal disease (OR = 0.61, 95% CI: 0.40–0.93, p-value = 0.022), and Se was associated with a decreased risk of hypertensive kidney disease (OR = 0.72, 95% CI: 0.53–0.99, p-value = 0.040), diabetic nephropathy (OR = 0.83, 95% CI: 0.73–0.93, p-value = 0.002), and chronic kidney disease (OR = 0.87, 95% CI: 0.77–0.99, p-value = 0.028). Conversely, vitamin D levels were associated with an increased risk of polycystic kidney disease (OR = 1.76, 95% CI: 1.15–2.69, p-value = 0.0095). In addition, no potential causal relationship was found between vitamin C levels, iron levels, zinc levels, and copper levels and different kidney diseases (Supplementary Tables 4–7). Meanwhile, the results of reverse Mendelian randomization showed no potential causal association between different chronic kidney diseases and micronutrients (p > 0.05; Supplementary Table 9). The scatterplot in Figure 4 illustrates the positive outcomes obtained through the IVW method, with a p-value < 0.05. The results of the MR analysis for the other exposures and outcomes are presented in Supplementary Tables 2–8. The Cochran’s Q test, which incorporates the IVW and MR-Egger methods, did not indicate any significant heterogeneity, as shown by a p-value > 0.05. Additionally, the MR-PRESSO and MR-Egger regressions did not reveal any horizontal pleiotropy with p-value > 0.05 (Table 2). Furthermore, the Leave-One-Out analysis yielded no SNPs exhibiting significant bias effects, and the funnel plots demonstrated minimal directional pleiotropy, as depicted in Supplementary Figures 1–5. All these sensitivity analysis results provided evidence of the validity of the MR estimates.

[image: A forest plot showing the effects of calcium, selenium, and vitamin D on various kidney diseases using different MR methods. The x-axis represents the odds ratio (OR) ranging from 0 to 3, and the y-axis lists exposures and outcomes. Blue points and orange lines indicate the OR and confidence intervals for each method, with a dashed line at OR=1 for reference. Significant values are noted in the P-value column, with P<0.05 considered statistically significant.]

FIGURE 3
 Forest plot showing the causal relationship between micronutrients and chronic kidney disease with a P- value <0.05 calculated using the IVW method. IVW, inverse variance weighting method; OR, odds ratio; CI, confidence interval.


[image: Five plots display scatter plots of SNP (single nucleotide polymorphism) effects on various physiological traits versus disease outcomes. Each plot includes lines representing different MR (Mendelian Randomization) test methods: Inverse Variance Weighted, MR Egger, Weighted Median, Weighted Mode, and Simple Mode. The top left plot shows calcium levels and hypertension. The top right and middle left plots show selenium levels with hypertension and chronic kidney disease, respectively. The middle right plot links selenium levels and diabetic nephropathy. The bottom plot relates vitamin D levels to cystic kidney disease.]

FIGURE 4
 Scatterplot of positive results from MR analysis between exposure and outcome using IVW method. IVW, inverse variance weighted; MR, Mendelian randomization.




TABLE 2 Sensitivity analyses of MR with positive results by using IVW method.
[image: Table showing sensitivity analysis of micronutrients effect on renal outcomes. It includes columns for micronutrients, outcomes, analysis type, method, and p-values. Micronutrients are calcium, selenium, and vitamin D, with outcomes like hypertensive renal disease, chronic kidney disease, diabetic nephropathy, and cystic kidney disease. Methods involve Cochran’s Q test and MR-PRESSO, with p-values ranging from 0.103 to 0.995.]



Discussion

This study employed MR to examine the potential causal associations between serum levels of micronutrients and the occurrence of different kidney diseases. The study revealed that increased Vit D levels were associated with an elevated risk of cystic nephropathy. Additionally, elevated levels of calcium and selenium were identified as protective factors against Hypertensive renal disease, while selenium levels were found to decrease the risk of diabetic nephropathy and CKD. Nevertheless, our study is subject to several limitations. Firstly, the levels of Ir, Cu, Zn, Se, and Vit C did not produce a sufficient number of single nucleotide polymorphisms (SNPs) for the analysis of MR at a significance level of 5 × 10−8. As a result, we changed the threshold criterion to 5 × 10−6. However, this adjustment would have reduced the overall significance of our study. It is worth noting that this approach has been commonly used in numerous studies and does not inherently impact the outcomes. Secondly, it is important to note that our study was limited to participants of European descent, potentially impacting the applicability of the findings to other populations. Thirdly, the levels of micronutrients may exert varying degrees of influence on different kidney diseases patients of different genders or ages. However, due to the lack of individual-level information in GWAS data, stratified studies cannot be conducted. Finally, in addition to exploring causal relationships, the quantitative relationship between exposure and outcome is also crucial, as it can provide better clinical guidance. Nevertheless, due to the lack of quantitative data on micronutrients and kidney diseases in the GWAS Catalog, this study cannot further investigate the dose–response relationship between exposure and outcome at this time. It is hoped that specific datasets in this area will be available for further study in the future.


Potential causal relationship between Ca and hypertensive renal disease

Hypertensive renal disease (Hypertensive Nephropathy, HTN) is a chronic disease characterized by elevated blood pressure and chronic kidney disease, including the presence of protein in the urine and reduced glomerular filtration rate. HTN is believed to arise from prolonged and unregulated hypertension, and it ranks as the second most prevalent factor contributing to the advancement of end-stage renal disease following diabetic nephropathy (22). The primary pathogenic processes of Hypertensive nephropathy involve changes in renal hemodynamics and remodeling of the renal vasculature. Furthermore, previous studies have demonstrated the significance of podocyte damage, epithelial-mesenchymal transition (EMT), and tubulointerstitial fibrosis as pathogenic mechanisms in HTN (23, 24). The present amount of research on the association between calcium levels and hypertensive nephropathy is currently minimal. A meta-analysis of cohort studies revealed a significant association between calcium consumption and a decreased likelihood of HTN. Specifically, for every incremental increase of 500 mg/day in dietary calcium intake, there was an approximate 7% reduction in the risk of HTN (25). Several studies have indicated that a deficiency in calcium levels can induce the secretion of parathyroid hormone (PTH). The type-1 parathyroid hormone receptor (PTHR1)/ Galpha(s)/3′,5′-cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway is activated by parathyroid hormone to raise the concentration of calcium in vascular smooth muscle cells. This, in turn, leads to an increase in vascular reactivity and an elevation in blood pressure. Furthermore, parathyroid hormone (PTH) stimulates the production of cyclic adenosine monophosphate (cAMP) and the release of renin by PTHR-1, thereby facilitating the synthesis of angiotensin II (Ang II) and aldosterone (26, 27). Increased synthesis of Ang II and aldosterone affects blood pressure regulation. Prolonged elevation of these hormones leads to changes in renal hemodynamics, causing renal arteriole narrowing, increased vascular resistance, and reduced blood circulation. This, in turn, induces vascular remodeling in the kidneys, manifested as thickening of the renal arteriole intima, reduced local renal blood flow, and compensatory hypertrophy of adjacent renal units. Meanwhile, Ang II causes podocyte damage and, as a potent vasoconstrictor in the RAS, it plays a crucial role by inducing various cytokines involved in inflammation, cell proliferation, and tubulointerstitial fibrosis (23, 28). In summary, the sequence of events described leads to the development of microalbuminuria, a reduction in glomerular filtration rate, and ultimately promotes the development of HTN.



Relationship between Se and hypertensive renal disease and chronic kidney disease

Se is a non-metal element that plays a crucial role in the human body due to its antioxidant properties. It and its amino acid derivatives are involved in various physiological and pathological processes, including oxidative stress and immune-inflammatory responses. The role of selenium in certain kidney diseases has been mentioned in several observational studies (29). A research examining the correlation between selenium consumption and CKD among middle-aged and elderly individuals in China, utilizing data from the Chinese National Health Service (CHNS), indicates that sufficient se intake could potentially exert a beneficial influence on CKD (30). Lifu Lei et al. constructed a rat model with a lack of Se and observed that Se deficiency leads to an increase in the production of hydrogen peroxide by reducing the expression of renal glutathione peroxidase 1. Additionally, it enhances the activity of nuclear factor kappa-B(NF-κB), which in turn increases the expression of renal Angiotensin II type-1 receptor (AT1R), resulting in sodium retention and elevated blood pressure (31). In addition, a study conducted by Liu et al. has revealed that a deficiency in selenium may contribute to the inflammation of renal fibrosis. This deficiency has been observed to facilitate the process of epithelial-mesenchymal transition (EMT) in renal fibrosis, hence promoting the deposition of extracellular matrix (ECM) in this particular condition. The mechanism may involve selenium deficiency activating the PI3K/Akt signaling pathway, leading to the promotion of fibroblast proliferation and collagen synthesis. This activation subsequently regulates the proliferation and survival of epithelial cells, impacts protein synthesis and the cell cycle in renal interstitial cells, and ultimately contributes to the development and advancement of renal fibrosis. In summary, Se plays a crucial role in oxidative stress, EMT, and the renal fibrosis process within the body. It is noteworthy that renal oxidative stress contributes to the development and progression of CKD, and EMT and renal fibrosis are significant pathological processes in the progression of HTN (32, 33). Therefore, consistent with the findings of most observational studies, Se levels are associated with a reduced risk of HTN and CKD.



Effect of Se levels on diabetic nephropathy

Diabetic kidney disease (DKD) is the primary cause of end-stage renal disease (ESRD), with about 40% of diabetic patients having varying degrees of impaired renal function, and DKD is mainly due to microvascular damage caused by prolonged uncontrolled glucose (34). DKD is characterized by several key pathological symptoms, including the thickening of the basement membranes of the glomeruli and tubules, the loss of podocytes, the dilation of the thylakoid membranes, and the localized degeneration of thylakoid cells and thylakoid stroma, among others (35). Furthermore, the pathophysiological processes responsible for the development of DKD predominantly encompass the production of reactive oxygen species (ROS), nutritional detection, recruitment of inflammatory cells, mitochondrial impairment, tubulointerstitial fibrosis, and various other mechanisms (34, 36, 37). Meanwhile, certain metabolic factors (oxidative stress) and hemodynamic factors (activation of the RAS system) may enhance the effects of common pathogenic mechanisms in the context of hyperglycemia, contributing to the development of DKD (38). Studies have demonstrated that selenium can decrease elevated levels of glucose in the blood and enhance the ability of rats to tolerate glucose. An RCT study conducted on humans demonstrated that administering Se supplements for a duration of 12 weeks had a positive impact on serum insulin levels in patients with DKD (39). A study conducted on rats revealed that a lack of selenium caused oxidative stress through the activation of TGF-β1 in both normal and diabetic rats. In both normal and diabetic rats, the presence of selenium deficiency resulted in an increase in albuminuria. Additionally, normal rats exhibited higher plasma glucose levels, whereas diabetic rats experienced worsened plasma glucose levels. These findings indicate that a lack of selenium can cause an increase in the expression of TGF-β1, impact the levels and management of glucose in the blood, enhance the body’s reaction to oxidative stress, and result in the presence of protein in the urine. Ultimately, these factors contribute to the onset and progression of DKD (40). Although the existing body of information on the association between selenium and kidney illness primarily relies on animal models, it offers valuable insights into the underlying mechanisms in humans. However, additional study and exploration are necessary to understand this relationship fully.



Association between vitamin D and cystic kidney disease

Cystic kidney disease is categorized into congenital and acquired kidney diseases, including autosomal dominant polycystic kidney disease, autosomal recessive polycystic kidney disease, Meckel syndrome, and simple renal cysts. The latter is characterized by the presence of renal cysts of varying degrees (41). Currently, there are very few studies on the relationship between vitamin D levels and cystic kidney disease, and the connection between them remains unclear. Some scholars believe that fibroblast growth factor 23 (FGF23) plays a significant role in the development of cystic kidney disease. This hormone, primarily synthesized by osteoblasts and osteocytes in the bone, is crucial for maintaining normal kidney function. Phosphate, PTH, calcitriol, and calcium are the primary regulatory variables that influence its secretion (42). A study revealed that individuals with vitamin D deficiency rickets exhibited reduced serum FGF23 levels, which subsequently rose following vitamin D therapy (43). The comprehensive review and meta-analysis conducted by Charoenngam et al. yielded findings indicating that the administration of vitamin D3 supplementation resulted in a considerable elevation of intact FGF23 levels in individuals diagnosed with vitamin D deficiency (44). The study conducted by Spichtig et al. provided evidence of the production of FGF23 in the kidneys of rodents with polycystic kidneys. This production resulted in an elevation of FGF23 levels, which subsequently led to a deterioration in kidney function (45, 46). So, FGF23 might be a key point in the relationship between vitamin D levels and cystic kidney disease. However, further research is needed to elucidate the mechanisms of vitamin D’s effects on cystic kidney disease.




Conclusion

Our research provides initial findings on the genetic link between micronutrients and specific chronic kidney disorders. The results of this study have the potential to assist clinicians in managing the consumption of specific micronutrients among individuals with chronic kidney diseases, as well as in promoting disease prevention among both healthy populations and those who are susceptible to chronic underlying conditions. Nevertheless, further research is required in order to establish more definitive evidence.
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Introduction

Gout is a common type of inflammatory arthritis. Vitamin C is a potent antioxidant that neutralizes reactive oxygen species. However, the association between dietary vitamin C levels and gout remains unclear. This study evaluated the relationship between dietary vitamin C intake and gout.





Methods

Cross-sectional data from individuals aged > 20 years who participated in the National Health and Nutrition Examination Survey between 2013 and 2018 were collected. Details on gout, dietary vitamin C intake, and several other essential variables were recorded.





Results

There were 12589 participants, 5% (652/12589) of whom experienced gout. Compared with individuals with lower vitamin C consumption in the Q1 group (≤19.9 mg/day), the adjusted odds ratio(OR)values for dietary vitamin C intake and gout in the Q2 group (19.9–49.7 mg/day), Q3 group (49.7–110.375 mg/day), and Q4 group (≥110.375 mg/day) were 0.87 (95% confidence interval (CI): 0.69–1.1, P = 0.237), 0.81 (95% CI: 0.64–1.02, P = 0.076), and 0.77 (95% CI: 0.6–0.99, P= 0.042), respectively. Accordingly, the association between dietary vitamin C intake and gout exhibited an L-shaped curve (nonlinear, P = 0.245) in a restricted cubic spline. Subgroup analysis revealed significant interactions between vitamin C levels and gout according to sex (P < 0.05). When we used data on dietary vitamin C from the second survey, we observed a similar inverse association between vitamin C intake and gout. The vitamin C was also negatively associated with hyperuricemia (OR, 0.94; 95% CI, 0.9–0.98, P=0.005). Compared with Q1, the adjusted OR values for dietary vitamin C and hyperuricemia in Q2, Q3, and Q4 were 0.77 (95% CI: 0.69–0.86, P = 0.65), 0.81 (95% CI: 0.72–0.91, P = 0.014), and 0.72 (95% CI: 0.64–0.81, P < 0.001), respectively. No association was observed between vitamin C supplementation and gout.





Conclusion

The population-based data indicate that dietary vitamin C intake is inversely associated with gout. These findings support the potential role of vitamin C in preventing gout.





Keywords: vitamin C, gout, inverse association, dose-response, a large population study




1 Introduction

Gout is a prevalent form of inflammatory arthritis, characterized by the deposition of monosodium urate crystals in the joints and tissues, affecting over 5% of males in the United States and leading to increasing hospitalization rates in the US and Canada (1). Gout presents recurrent excruciating flares, increasing the risk for heart attacks (2), strokes, and debilitating arthritis if left untreated (3). The etiology of gout is multifaceted, involving genetics, diet, and lifestyle. Recent studies (4–6) have explored the potential role of micronutrients such as vitamin C in managing and preventing hyperuricemia and subsequent gout flares.

Vitamin C (ascorbic acid) is a potent water-soluble antioxidant known to scavenge free radicals and reduce oxidative stress. It is implicated in the onset and exacerbation of inflammatory diseases, including gout. The antioxidant properties of vitamin C may help to mitigate the oxidative breakdown of purines in the body, a metabolic process that significantly contributes to the total uric acid pool. By potentially reducing the rate of purine metabolism, vitamin C can indirectly reduce uric acid production. Molecular research suggests vitamin C can dissolve urate crystals (7) and has antioxidant functions.

Moreover, vitamin C can influence the activity of urate transporters such as urate transporter 1(URAT1) and sodium-dependent anion cotransporters, which are involved in the reabsorption of uric acid in the proximal tubules of the kidneys (8, 9). Third, increased consumption of vitamin C may potentially enhance kidney function and increase the glomerular filtration rate (4), thereby enhancing urate excretion in the urine (10). Both human and animal studies indicate that administering vitamin C boosts renal plasma flow and glomerular filtration rate while mitigating increases in arterial pressure (11). Finally, vitamin C inhibits urate-induced inflammation by acting as an antioxidant. It can inhibit the activity of the thioredoxin-interacting protein (TXNIP) in nuclear factor kappa B (NF-κB) signaling, which is involved in the activation of the NLR family pyrin domain containing 3 inflammasomes (NLRP3), a key mediator of urate-induced inflammation (12). These mechanisms contributed to the overall reduction in uric acid levels observed following vitamin C supplementation.

Currently, evidence regarding the association between dietary vitamin C levels and gout is insufficient. Given the potential link between dietary vitamin C and gout, we hypothesized that dietary vitamin C exerts a protective effect against gout development. Therefore, this study aimed to investigate the impact of changes in dietary vitamin C levels on gout in a large population.




2 Materials and methods



2.1 Study population and data collection

This cross-sectional study used NHANES data from 2013–2018, administered by the Centers for Disease Control and Prevention (CDC). The NHANES aims to assess the health and nutritional status of non-institutionalized Americans using a stratified multistage probability survey (13). Data collection included demographic details, health assessments, and laboratory tests via a mobile examination center (MEC) with ethical approval from the National Center for Health Statistics (NCHS) Ethics Review Committee. Written informed consent was obtained from all the participants. The NHANES data was accessed from their website (http://www.cdc.gov/nchs/nhanes.htm) (accessed March 1, 2022). Our study included individuals aged > 20 years who completed the interviews. Pregnant females or those with missing data on gout, dietary vitamin C intake, or covariates were excluded.




2.2 Vitamin C intake measurement and outcomes

Vitamin C intake from the first survey in the NHANES database is measured through a 24-hour dietary recall conducted during the participant’s initial visit to the MEC. In this face-to-face interview, trained dietary interviewers used the automated multiple-pass method (AMPM) to collect detailed information about all foods and beverages consumed by the participants in the previous 24 hours. Nutrient content, including vitamin C, was calculated using the food composition database. These data represent participants’ vitamin C intake from food and beverages during the first survey.

Vitamin C intake from the second survey was measured through a second 24-hour dietary recall, usually conducted via telephone, a few days after the initial interview. The process mirrored the first survey, with interviewers using the AMPM again to collect detailed dietary information about the participants’ consumption over the previous 24 hours. Vitamin C content was calculated using the same food composition database, measuring vitamin C intake from a different time point. This helped account for day-to-day variability in the participant’s diet. Vitamin C comprises dietary vitamin C, and supplemental Vitamin C. Subjects were categorized into four groups according to dietary vitamin C intake.

During the home interviews, all participants were asked, “Has a doctor or other health professional ever informed you that you had gout?” Participants who answered “yes” were defined as gout. Serum uric acid (SUA) concentration was measured at the NHANES Laboratory for all three cycles. Hyperuricemia was defined as an SUA concentration >6mg/dL (14).




2.3 Covariates

A range of potential covariates were evaluated based on the existing literature (15–17), encompassing age, sex, marital status, race/ethnicity, education level, family income, smoking habits, physical activity levels, hypertension, diabetes, coronary heart disease, alcohol consumption, and dietary supplement usage. Race/ethnicity was stratified into non-Hispanic White, non-Hispanic Black, Mexican American, and other ethnic groups. Marital status was categorized as married, cohabiting, or living alone. Education level was divided into less than 9 years, 9–12 years, and more than 12 years, following the guidelines of a US government report. Family income was classified into three groups based on the poverty income ratio (PIR): low (PIR ≤ 1.3), medium (PIR > 1.3 to 3.5), and high (PIR > 3.5). Smoking status was defined as never smoker (smoked less than 100 cigarettes), current smokers, or former smokers (ceased smoking after consuming > 100 cigarettes), in line with established definitions from previous research. Physical activity levels were categorized as sedentary, moderate (at least 10 min of light activity resulting in mild-to-moderate sweating or increased breathing/heart rate within the last 30 days), and vigorous (at least 10 min of activity resulting in profuse sweating or increased breathing/heart rate within the last 30 days). A history of hypertension, diabetes, and coronary heart disease was determined based on self-reported physician-diagnosed conditions. Alcohol drinking status was determined using the survey question “In any 1 year, have you had at least 12 drinks of any type of alcoholic beverage?” Participants who answered “yes” were classified as alcohol drinkers. Dietary supplement usage was ascertained by querying participants about the nutritional supplements and medications taken in the past month.




2.4 Statistical analysis

This study constituted a secondary analysis of publicly available datasets. Categorical variables were presented as percentages (%), while continuous variables are summarized using the mean (standard deviation, SD) or median (interquartile range, IQR), as applicable. Group differences were assessed using one-way analysis of variance (for normally distributed data), the Kruskal–Wallis test (for skewed distributions), and the chi-square test (for categorical variables). Logistic regression models were used to ascertain the odds ratios (ORs) and corresponding 95% confidence intervals (CIs) to examine the association between dietary vitamin C intake and gout. Model 1 was adjusted for sociodemographic factors, including age, sex, race/ethnicity, marital status, education level, and family income. Model 2 is adjusted for complications. Model 3 was fully adjusted and incorporated sociodemographic characteristics, smoking status, physical activity, hypertension, diabetes, coronary heart disease, alcohol consumption, and dietary supplement use.

Additionally, restricted cubic spline (RCS) regression was conducted using four knots at the 5th, 35th, 65th, and 95th percentiles of dietary vitamin C consumption. This analysis aimed to evaluate the linearity and explore the dose-response relationship between dietary vitamin C consumption and gout. The RCS model was adjusted for the covariates included in the logistic regression models to ensure consistency in the analysis.

Moreover, potential effect modifications on the association between dietary vitamin C and gout were examined, encompassing the following factors: sex, age (20–65 years vs. >65 years), family income (low vs. medium or high), hypertension (yes vs. no), coronary heart disease (yes vs. no), and alcohol consumption (yes vs. no). Subgroup heterogeneity was assessed using multivariate logistic regression, and the interactions between subgroups and dietary vitamin C intake were investigated using likelihood ratio testing.

Several sensitivity analyses were conducted to verify the robustness of the findings. First, we conducted a sensitivity analysis that excluded participants with extreme vitamin C intake (>1000 kcal per day). Second, In NHANES, there were multiple surveys related to vitamin C intake, including total intake from the first survey, total intake from the second survey, and intake as a dietary supplement. We further explored the association between vitamin C (based on the second survey) and gout as well as the association between vitamin C (based on dietary supplements) and gout. Third, owing to the close association between gout and hyperuricemia, we explored the relationship between vitamin C levels and hyperuricemia.

We supplemented our analysis by reporting the likelihood ratios for each regression model and conducted a detailed comparison of the models based on the AIC, BIC, and log-likelihood metrics.





3 Results



3.1 Study characteristics

In total, 29400 participants completed the interview, of whom 12343 participants were aged less than 20 years. We excluded pregnant females (n = 190), those with missing data on migraine (n = 652), those with missing data on dietary vitamin C intake (n = 2251), and those with covariates (n = 2006). Ultimately, this cross-sectional study included 12589 participants from the NHANES between 2013 and 2018. The detailed inclusion and exclusion criteria are presented in Figure 1.

[image: Flowchart showing participant selection process for a study. From 29,400 interviewees, 12,343 were under 20 years old. Of 17,057 remaining aged 20 or older, 4,468 were excluded due to various reasons, leaving a final population of 12,589. Among these, 626 were identified as gout sufferers and 11,963 as non-gout sufferers.]
Figure 1 | The study’s flow diagram.

Table 1 presents the characteristics of 12,589 adults from NHANES between 2013 and 2018, categorized by dietary vitamin C intake quartiles: Q1 (≤19.9 mg/day), Q2 (19.9-49.7 mg/day), Q3 (49.7–110.375 mg/day), and Q4 (≥110.375 mg/day). The average age was 49.9 ± 17.5 years, with a significant difference across quartiles (P < 0.001). Age increased from 48.3 ± 17.3 years in Q1 to 50.3 ± 17.6 years in Q4. The sex distribution varied, with males comprising 48.9% of Q1 and 53% of Q4 (P < 0.001). Regarding marital status, 59.7% were married or living with a partner, with higher proportions in Q3 and Q4. Regarding race/ethnicity, the proportion of non-Hispanic whites decreased from 44.4% in Q1 to 35.5% in Q4, whereas the percentage of Mexican Americans increased from 12.1% to 15.3% (P < 0.001). Educational and family income levels were significantly higher in Q4 than in Q1 (P < 0.001). Health conditions such as hypertension showed no significant variation across quartiles, whereas diabetes prevalence was the lowest in Q4 (12.1%, P < 0.001). Smoking status and dietary supplement use were positively associated with higher vitamin C intake. Physical activity levels indicated a greater proportion of sedentary lifestyles in the higher quartiles (P < 0.001).

Table 1 | Population characteristics by categories of dietary vitamin C intake.


[image: A table compares characteristics across quartiles in a population of 12,589. Categories include age, sex, marital status, race/ethnicity, education level, family income, hypertension, diabetes, coronary heart disease, smoking status, alcohol use, physical activity, and dietary supplement intake. Each characteristic is broken down by percentage across total population and four quartiles, with p-values indicating statistical significance. Notable trends include variations in sex distribution, marital status, race/ethnicity, and education level across quartiles. Most characteristics have a significant p-value, except for diabetes and coronary heart disease.]



3.2 Prevalence of gout by vitamin c intake quartiles

Participants were categorized into quartiles based on dietary vitamin C intake: Q1 (≤19.9 mg/day), Q2 (19.9–49.7 mg/day), Q3 (49.7–110.375 mg/day), and Q4 (≥110.375 mg/day). The prevalence of gout decreased across quartiles, with Q1 showing the highest percentage at 5.40% (169 participants) and Q4 showing the lowest at 4.60% (142 participants). The total number of participants was 3,177 in Q1, 3,142 in Q2, 3,148 in Q3, and 3,122 in Q4, indicating an inverse relationship between vitamin C intake and gout risk (Table 2).

Table 2 | Gout Incidence and Vitamin C Intake by Quartiles.


[image: Table displaying the relationship between vitamin C intake and gout. It shows four quartiles, each with vitamin C intake ranges in milligrams per day. Quartile one ≤19.9, quartile two 19.9-49.7, quartile three 49.7-110.375, quartile four ≥110.375. Participants with gout numbered 169 (5.3%), 159 (5.1%), 156 (5%), and 142 (4.5%) respectively. Total participants are 3177, 3142, 3148, and 3122, with percentages of gout at 5.40%, 4.90%, 4.90%, and 4.60% respectively.]



3.3 Relationship between dietary vitamin C intake and gout

Table 1 presents the OR and 95% CI for gout-related factors. Age showed a significant association (OR = 1.05, 95% CI: 1.04–1.06, P < 0.001), indicating a higher risk with increasing age. Females had a lower risk than males (OR = 0.39, 95% CI: 0.33–0.46, P < 0.001). Living alone was associated with a reduced risk compared to being married or living with a partner (OR = 0.83, 95% CI: 0.7–0.98, P = 0.027). Among racial/ethnic groups, Mexican Americans showed a significantly lower risk (OR = 0.51, 95% CI: 0.37–0.69, P < 0.001). Hypertension, diabetes, and coronary heart disease were strongly associated with a higher risk of gout, with ORs of 4.11, 3.44, and 4.27, respectively (all P < 0.001). Current smokers had a higher risk (OR = 2.52, 95% CI: 2.11–3.01, P < 0.001), while alcohol use and dietary supplement intake were also positively associated with gout risk (P = 0.002 and P < 0.001, respectively) (Table 3).

Table 3 | Association of covariates and gout risk.


[image: Table showing odds ratios (OR) and P values for various variables. Significant factors with P < 0.05 include: female sex (OR 0.39), living alone (OR 0.83), Mexican American ethnicity (OR 0.51), hypertension (OR 4.11), diabetes (OR 3.44), coronary heart disease (OR 4.27), current smoking (OR 2.52), alcohol consumption (OR 1.4), and dietary supplements (OR 1.47). Other variables are not significant at the 0.05 level.]
Table 4 illustrates that after adjusting for other risk factors, there is a significant correlation between vitamin C intake and gout (OR = 0.88, 95% CI: 0.79–0.97, P = 0.015). When dietary vitamin C consumption was analyzed using quartiles, there was a significant inverse association between dietary vitamin C and gout after adjusting for potential confounders. Compared with individuals with lower vitamin C consumption in Q1 group (≤19.9 mg/day), the adjusted OR values for dietary vitamin C intake and gout in the Q2 group (19.9-49.7 mg/day), the Q3 group (49.7-110.375 mg/day), and the Q4 group (≥110.375 mg/day) were 0.87 (95% CI: 0.69–1.1, P = 0.237), 0.81 (95% CI: 0.64–1.02, P = 0.076), and 0.77 (95% CI: 0.6–0.99, P = 0.042) (Table 4), respectively. The association between dietary vitamin C intake and gout exhibited an L-shaped curve (nonlinear, P= 0.245) in RCS (Figure 2).

Table 4 | Association between dietary vitamin C (from the first survey) and gout.


[image: A table displays data on the relationship between Vitamin C intake and gout prevalence across quartiles. It includes variables such as the number of participants (N), percent with gout, and odds ratios (OR) with confidence intervals (CI) and p-values for crude and adjusted models. The models adjust for sociodemographic and health variables. Vitamin C intake per 100 mg/d is associated with an adjusted OR of 0.86 in Model 1, 0.87 in Model 2, and 0.88 in Model 3, with significant p-values indicating reduced gout risk.]
[image: Graph showing the relationship between Vitamin C intake (mg/d) and the odds ratio of gout. The reference point is marked at 45.1 mg/d, with a red line indicating the trend and a shaded red area representing the confidence interval. A histogram at the bottom displays the distribution of Vitamin C intake. The P-value for non-linearity is 0.291.]
Figure 2 | Association between dietary vitamin C intake and gout odds ratio. The solid and dashed lines represent the predicted values and 95% confidence intervals. Data were adjusted for sociodemographic factors (age, sex, marital status, race/ethnicity, education level, and family income), hypertension, diabetes, coronary heart disease, smoking status, physical activity, alcohol consumption, and dietary supplement intake.




3.4 Stratified analyses based on additional variables

In several subgroups, stratified analysis was performed to assess potential effect modifications in the relationship between dietary vitamin C and gout. Subgroup analysis revealed significant interactions between vitamin C levels and gout, notably influenced by sex, suggesting the need for tailored interventions for at-risk populations. No significant interactions were found in all subgroups after stratification by age, income, alcohol consumption, hypertension, and coronary heart disease (Figure 3). Considering multiple testing, a P value < 0.05 for the interaction of sex is statistically significant.

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals (CI) for various subgroups including age, gender, income, alcohol use, hypertension, and coronary heart disease (CHD). Each subgroup is represented by a square indicating the OR and horizontal lines for the CI. The P-values for interaction are displayed alongside each subgroup. Overall crude and adjusted ORs are 0.91 (0.83–1.01) and 0.88 (0.79–0.97), respectively.]
Figure 3 | Subgroup analysis between dietary vitamin C (per 100 mg/day) and gout. Except for the stratification component, each stratification factor was adjusted for age, sex, marital status, race/ethnicity, educational level, family income, hypertension, diabetes, coronary heart disease, smoking status, physical activity, alcohol consumption, and dietary supplement intake.




3.5 Sensitivity analyses

After excluding individuals with extreme vitamin C intake (≥1000 mg/day), 12584 individuals remained, and the association between vitamin C intake and gout remained stable (Supplementary Table 1). Compared with individuals with lower vitamin C consumption in Q1 group (≤19.9 mg/day), the adjusted OR values for dietary vitamin C intake and gout in Q4 group (≥110.375 mg/day) were 0.75 (95% CI: 0.59–0.95, P = 0.02).

In the univariate analysis, vitamin C (per 100mg/d) from the second survey is associated with gout (OR, 0.86; 95% CI 0.77–0.96, P = 0.01). After adjusting for all covariates, the association between vitamin C from the second survey and gout remained (OR, 0.81; 95%CI, 0.72–0.91, P < 0.001).

Compared with individuals with lower vitamin C consumption Q1 (≤19.9 mg/day), the adjusted OR values for dietary vitamin C from the second survey and gout in Q2 (19.9–49.7 mg/day), Q3 (49.7–110.375 mg/day), and Q4 (≥110.375 mg/day) were 0.95(95% CI, 0.74–1.21, P = 0.65), 0.73 (95% CI, 0.57–0.94, P = 0.014), and 0.64 (95% CI, 0.49–0.84, P = 0.001) (Supplementary Table 2), respectively.

The adjusted OR between dietary supplementation with vitamin C (per 100mg/d) and gout was 0.997 (95% CI, 0.964–1.031; P = 0.8602) (Supplementary Table 3).

Vitamin C was also negatively associated with hyperuricemia (OR, 0.94; 95% CI, 0.9–0.98, P = 0.005). Compared with Q1 group (≤19.9 mg/day), the adjusted OR values for dietary vitamin C from the first survey and hyperuricemia in Q2 group (19.9–49.7 mg/day), Q3 group (49.7–110.375 mg/day), and Q4 group (≥110.375 mg/day) were 0.77 (95% CI, 0.69–0.86, P = 0.65), 0.81 (95% CI, 0.72–0.91, P = 0.014), and 0.72 (95% CI, 0.64–0.81, P < 0.001) (Supplementary Table 4), respectively.




3.6 Model comparison and robustness

Supplementary Table 5 shows that, while Model 3 had a slightly higher BIC than Model 2, it performed the best in terms of AIC and log-likelihood, suggesting that Model 3 may be more suitable for our data.





4 Discussion

This large cross-sectional study on American adults demonstrated a significant inverse relationship between dietary vitamin C consumption and gout. Stratified analyses showed that the relationship between vitamin C consumption and gout remained robust. The inverse correlations between dietary vitamin C and gout were more significant in females than in males. Vitamin C levels are also negatively associated with hyperuricemia. However, dietary supplemental vitamin C was not associated with gout.

The influence of vitamin C’s influence on gout has been documented in only a few cases. Our results showed that participants with a higher intake of vitamin C exhibited a reduced risk of developing gout, which aligns with the findings of a previous study (18). The physicians’ Health Study II also suggested that 500 mg/day of vitamin C modestly reduced the risk of new gout diagnoses in middle-aged male physicians (19). However, our study extends these findings to a broader demographic group, including various ethnic groups, income groups, and both sexes.

MW et al. (6) demonstrated that the highest quartile of dietary VC intake was negatively associated with the risk of hyperuricemia in males. The potential of vitamin C to reduce the risk of hyperuricemia has also been suggested in a population-based study, in which greater vitamin C intake was associated with a lower prevalence of hyperuricemia (14) (SUA > 6 mg/dL). However, our study provides evidence from a large population that vitamin C supplementation may reduce the incidence of gout. Nevertheless, our study did not find evidence to support the efficacy of vitamin C beyond current pharmacological treatments. Therefore, it is important to emphasize that our results should not be interpreted as a reason to neglect urate-lowering therapies in adults who have previously experienced gout.

Despite consistency with previous research, our findings diverged from those reported by Stamp (20), who found no significant association between vitamin C intake and SUA levels in a pilot randomized controlled trial. This discrepancy could be attributed to differences in study design, population characteristics, or the range of vitamin C intake. Unlike the wide range of vitamin C levels in our study, Stamp et al. studied only the effect of vitamin C at a dose of 500 mg/day on uric acid levels. Moreover, Stamp recruited only 40 patients, possibly leading to different statistical biases.

Our study observed no clear association between supplemental vitamin C and gout. Previous intervention studies have also found that supplemental VC does not influence SUA levels (20, 21). First, the bioavailability of vitamin C in supplements may differ from that in natural food sources. Vitamin C in whole foods is often accompanied by other nutrients, such as bioflavonoids, which may enhance its antioxidant and anti-inflammatory effects, potentially making it more effective in preventing gout (22). Second, genetic variations in the pathways responsible for maintaining redox balance and vitamin C transportation correlate with serum vitamin C concentrations (23). Serum vitamin C levels tend to plateau at an intake threshold of approximately 200 mg/day; beyond this point, serum vitamin C concentrations do not increase with higher supplemental doses (23, 24). In essence, a combination of genetic factors and dietary intake dictate serum vitamin C levels, and additional vitamin C supplementation may not negatively correlate with SUA levels when the serum vitamin C levels are already elevated.

The findings revealed that the inverse correlation between dietary vitamin C intake and gout was more significant in females than in males. These results can be interpreted from several perspectives. First, there were notable differences in metabolism and hormone levels between females and males. Estrogen inhibits uric acid production and promotes its excretion, which may enhance the protective effects of higher vitamin C intake in females (25). Second, differences in dietary habits and lifestyles between sexes may also contribute to the observed results. For example, females may be more likely to maintain a balanced diet with adequate vitamin C intake, which could lead to a more pronounced effect of vitamin C in reducing gout risk (26). Third, female participants were more likely to engage in healthier lifestyle practices or meet the recommended nutritional standards, which might exaggerate the inverse relationship between vitamin C and gout (27). These factors need to be accounted for when interpreting the results as they could introduce bias into the findings.

One of the primary limitations of this study is its cross-sectional design, which inhibited the ability to establish causality between vitamin C intake and gout incidence. Longitudinal studies are needed to confirm these findings and better understand the temporal relationships. Additionally, while the NHANES provides a nationally representative sample of the U.S. population, the generalizability of these findings to other populations may be limited owing to cultural and dietary differences. Another limitation concerns potential residual confounding, as not all factors influencing the risk of gout, such as genetic predispositions or detailed dietary components, were fully accounted for. Fourth, dietary vitamin C intake was assessed via a 24-h recall, potentially introducing recall bias. Nevertheless, the food frequency survey offers less detailed information on food types and quantities than the 24-h recall (28, 29).

In conclusion, there is a negative association between dietary vitamin C intake and gout prevalence among adults in the United States. The results of this study highlight the association between dietary vitamin C intake and gout.
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Zinc and selenium supplementation on treated HIV-infected individuals induces changes in body composition and on the expression of genes responsible of naïve CD8+ T cells function
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Background and aim: Deficiency of zinc and selenium is common in persons living with human immunodeficiency virus (PLWHIV) and has been associated with the development of non-AIDS related comorbidities, impaired immune system function and mortality. Micronutrient supplementation on long-term-treated PLWHIV could bring potential clinical and immunological benefits improving their health status and quality of life. The aim of the present study is to analyze the effect of zinc and selenium supplementation on body composition, bone mineral density, CD4+ T-cell counts, metabolic profile and immune system status on clinical stable PLWHIV on long-term antiretroviral therapy (ART).
Methods: This is a randomized pilot clinical trial in which we recruited 60 PLWHIV on ART who were assigned to the intervention groups: zinc (30 mg of zinc gluconate), selenium (200 μg of selenium yeast), zinc + selenium (same doses and presentations) or to a control group (without nutritional supplementation) who received supplementation during 6 months. Primary outcome was defined as changes in body composition (weight, muscle and fat mass and bone mineral density) and secondary outcomes as changes in biochemical and immunological parameters (CD4+ T-cell count, cholesterol, glucose, triglycerides and seric zinc and selenium seric concentrations) before and after supplementation. Peripheral blood mononuclear cells (PBMCs) of one individual of each intervention group were analyzed for single cell transcriptomics before and after supplementation.
Results: BMI (p = 0.03), fat mass (p = 0.03), and trunk fat (p = 0.01) decreased after 6 months of selenium supplementation. No changes were observed for cholesterol, glucose or triglycerides after supplementation (p > 0.05 in all cases). CD4+ T cells percentage increased after 6 months of selenium supplementation (p = 0.03). On the transcriptome analysis, zinc and selenium supplementation induced changes on de expression of genes associated with the function of naive and memory CD8+ T-cells (p < 0.05 in all cases).
Conclusion: Zinc and selenium supplementation could represent a complementary intervention that may improve the health status and immune response of treated PLWHIV.
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 micronutrient supplementation; zinc; selenium; HIV; antiretroviral therapy; body composition; immune system function


Introduction

Micronutrient deficiencies are common among PLWHIV due to suboptimal dietary intake and increased requirements or losses driven by chronic diarrhea, malabsorption and chronic inflammation (1). Micronutrient deficiencies have been associated with inappropriate immune system function, HIV disease progression, mortality and also with the development of non-AIDS related comorbidities on treated PLWHIV (2).

Particularly, low zinc and selenium seric concentrations have been reported on PLWHIV, even among those who are on long-term ART on virological control (3). Zinc deficiency has been associated with multiple parameters of HIV disease progression, such as systemic inflammation, increased intracellular viral replication and decreased CD4+ T cell counts (4). On the other hand, selenium deficiency has been associated with HIV disease progression and mortality (5), moreover, its deficiency in non-HIV-infected population has been implicated in the development of metabolic diseases including cardiovascular disease, type 2-diabetes mellitus and insulin resistance (6).

Some clinical trials have studied the effect of zinc and selenium supplementation on PLWHIV with controversial results, due to the diversity on the clinical characteristic of the cohort, dosage and presentation of the supplements, duration of supplementation and the clinical outcomes of the studies. It has been shown that zinc gluconate containing 30 mg of elemental zinc, has the highest bioavailability compared to other zinc compounds (7) and that 200 μg of selenium yeast per day showed to rise the plasma selenium concentration efficiently (8). Additionally the safety of zinc or selenium supplementation when administrated during 6 months in PLWHIV (9) has been demonstrated, while previous reports have observed poor effect of supplementation during shorter periods of time (10, 11).

On a metanalysis, zinc supplementation on PLWHIV has shown to delay disease progression and decrease the rate of opportunistic infections in individuals with or without ART (12). There are controversial reports about the effect of zinc supplementation on CD4+ T cell replenishment. Some authors reported no effect of zinc supplementation on CD4+ T cells levels (13–15). In contrast, Asdamongkol et al. and others, found increased CD4+ T cell counts after 6 months of zinc supplementation (16, 17). Moreover, some studies have reported therapeutic benefits of zinc supplementation in non-HIV-infected population, this via reduction of inflammation and oxidative stress (18).

Selenium supplementation in PLWHIV has been associated with decrease in CD4+ T cell decline, delay progression to AIDS and lower diarrheal morbidity (9). Some authors have reported increased CD4+ T cell numbers after 18 months of selenium supplementation (19), while others did not find any effect (20). Additionally, selenium has shown to reduce the immune activation and inflammation (21, 22), which have been associated with HIV disease progression, development of non-AIDS related comorbidities and mortality (23).

The implementation of intervention strategies, such as nutritional counselling and providing zinc and selenium supplementation to complement the diets of clinically stable PLWHIV on long term ART, could have potential benefits on improving the immune system function and impeding or delaying the onset of non-AIDS associated comorbidities, resulting in improvement of their health status and overall quality of life. Thus, the aim of this study was to assess the effect of zinc and selenium supplementation on body composition, bone mineral density, CD4+ T cell replenishment, lipid profile, glucose levels and immune system status in PLWHIV on ART without metabolic diseases.



Materials and methods


Study design and participants

This four arms randomized pilot clinical trial was conducted from September 2016 to December 2019 on patients with documented HIV infection (as per National Guidelines using two fourth-generation ELISA (24)) under virologic control. All patients were enrolled at the National Institute of Respiratory Diseases, Mexico City. Eligible subjects were all males, ≥18 years old, CD4+ T cells >200 cell/mm3, on ART for at least 2 years and with undetectable viral load (<40 HIV RNA copies/ml). Individuals were invited to participate if they had not been on a diet to lose or gain weight 3 months prior to the study. Exclusion criteria were: malnutrition or non-communicable disease diagnosis at the moment of recruitment, taking oral hypoglycemic agents, antihypertensive drugs, or lipid-lowering treatment or consumption of any nutritional or antioxidant supplements 3 months prior to the study. Elimination criteria were: low adherence to ART or to supplementation or presenting active opportunistic infections or intolerance to supplementation manifested by nausea, vomiting, diarrhea or dermatitis at any time during follow-up. We did not collect additional information about other self-reported adverse events and we did not observe any deaths or serious adverse events during the entire time of the intervention. The Ethics and Biosecurity Committees of the National Institute of Respiratory Diseases approved the protocol (C21-16). This study was registered in ClinicalTrials.gov (NCT03421314). The study was conducted according to the principles expressed in the Declaration of Helsinki. All participants signed a written informed consent at the moment of recruitment.



Intervention

Supplementation was administered during 6 months based on previous reports showing the safety of zinc and selenium supplementation in PLWHIV during this period of time (9). Supplementation dosage was prescribed according to ESPEN guidelines recommendations (25). Individuals in the zinc group received a daily dose of zinc gluconate (Nutra Manufacturing INC, USA) containing 30 mg of elemental zinc, as it has been demonstrated that this presentation has the highest bioavailability compared to other zinc compounds (7). Individuals in the selenium group received 200 μg of selenium yeast per day (2 tablets with 100 μg of selenium each; Nutra Manufacturing INC, USA), as this dose and chemical form of selenium showed to rise the plasma selenium concentration efficiently (8). Individuals in the zinc + selenium group received 30 mg of elemental zinc + 200 μg of selenium per day of the same presentation. All supplements were provided in standard sealed plastic containers. Patients in the control group were observed for the same period of time without any nutritional supplementation or administration of placebo tablets. We gave 35 tablets to the individuals into the zinc intervention group (1 per day + 5 extra tablets in case of reschedule the follow-up), 70 tablets to the individuals into the selenium intervention group (2 per day + 10 extra tablets) and 105 tablets to the individuals into the zinc + selenium intervention group (1 zinc pill per day + 5 extra tablets, and 2 selenium pills per day + 10 extra tablets) and were restocked each month by a dietitian who was not involved into the clinical follow-up of the participants. Good Adherence to supplementation was assessed monthly and was considered acceptable if less than 10% of the total number of tablets were returned by the patients. In addition, monthly nutritional counseling (focused on healthy eating habits) and clinical follow-up with an infectious disease specialist were performed to identify comorbidities, opportunistic infections or adverse effects related to supplementation such as nausea, vomiting, diarrhea or dermatitis. The nutritional counselling and clinical follow-up by an infectious disease specialist are routinary performed each 6 months in our hospital as part of the standard clinical follow-up of PLWHIV.



Outcomes

Primary outcome was defined as changes in body composition (weight, muscle and fat mass, and bone mineral density) and secondary outcomes were changes in biochemical and immunological parameters (CD4+ T-cell count, cholesterol, glucose, triglycerides, seric zinc and selenium concentrations and transcriptome of immune cells) before and after supplementation.



Body composition and bone mineral density assessment (BMD)

Body weight and height were measured using a digital scale with a precision of 0.1 kg (SECA 769, Munich, Germany) and a wall-mounted stadiometer graduated in centimeters with a precision of 0.1 cm (SECA 206, Munich, Germany), respectively. Both measurements were used for calculating body mass index (BMI). Body composition was assessed by a certified technician using dual-energy X-ray absorptiometry (DXA; Lunar Prodigy Advance, GE Health Care, Little Chalfont, UK) with the patient in a supine position. System quality assurance protocols were performed daily by the manufacturer’s instructions. Muscle mass, total-fat mass in kilograms and percentage were calculated using enCORE 2010 software using scan modes (thick, standard, or thin) suggested by the software. At the end of the scan, all body composition analyses were thoroughly checked for random measurement errors (i.e., regions of interest errors or metal artifacts) and were manually adjusted for the region of interest for regional estimations (arms, legs, and trunk). Bone mineral density (BMD) was measured in lumbar and femoral regions and was reported as g/cm2. The measurements of body composition and BMD are routinary performed in our hospital at least each 6 months and annually, respectively, as part of the standard clinical follow-up of PLWHIV.



Dietary assessment

Dietary intake was assessed before and after supplementation using a 3-day food record (one weekend day and two weekdays). Participants were instructed to report all foods and beverages consumed. Data was corroborated through face-to-face interviews by a trained dietitian, and portion sizes were quantified using household measures (spoons, plates, cups, and glasses) and food models. The data collected were: amount of foods consumed, brand of processed foods, use of condiments or added fat, recipes, and culinary methods. Conversion of food intake into nutrients was made using the computer software Food Processor Plus (Esha Research, Salem, OR, USA). The nutritional content of typical Mexican food was added to the original database. Food records were entered into the software and average energy (kcal), zinc (mg), and selenium (μg) daily intake were determined. Low daily intake of zinc and selenium were defined according to the estimated average requirement (EAR) established by the Institute of Medicine of the National Academies; EAR values were <9.4 mg/day for zinc and <45 μg/day for selenium. Dietary assessment and nutritional counseling are routinary performed in our hospital at least every 6 months, as part of the standard clinical follow-up of PLWHIV.



Biochemical determinations

24 ml of fasting blood were drawn to measure total cholesterol, HDL-Cholesterol, LDL-Cholesterol, glucose, and triglycerides using standard automated techniques at the diagnostic laboratory of the National Institute of Respiratory Diseases. Metabolic disorders were defined as total cholesterol >200 mg/dl, glucose >100 mg/dl, triglycerides >150 mg/dl, HDL-Cholesterol <40 mg/dl and LDL-Cholesterol>110 mg/dl as previously reported (26). Biochemical measurements are performed at least twice per year or by request of infectious disease specialist. This assessment is considered as part of the standard clinical follow-up of PLWHIV in our hospital.



Plasma viral load and CD4+ T cell counts

6 ml of fasting blood were drawn to determine plasma HIV viral load by automated real-time polymerase chain reaction (PCR) using the m2000 system (Abbott, Abbott Park, IL, USA) with detection limit of 40 HIV-1 RNA copies/ml. CD4+ T-cell counts were determined by flow cytometry using the Trucount Kit in FACSCanto II instruments (BD Biosciences, San Jose, CA, USA). Plasma viral load and CD4+ T cells counts are assessed in our hospital as part of the standard clinical follow-up of PLWHIV annually in accordance to an infectious disease specialist indication. Only for research proposes, they were performed each 6 months for the participants of this study.



Zinc and selenium seric determinations

6 ml of fasting blood were drawn to quantified seric zinc using the Perkin-Elmer Analyst 400 atomic absorption spectrometer (Norwalk, CT, USA) by the method of standard additions. Seric selenium concentration was measured by Perkin-Elmer 2,100 DV optical emission inductively couple plasma spectrometer by hydride generation. Zinc deficiency was defined as a level < 75 mg/dl and selenium deficiency as a level < 85 μg/L, based on a previous study (3). Zinc and selenium seric determinations are not routinary performed in our hospital as part of the standard clinical follow-up of PLWHIV and were only considered for research proposes for the participants of this study.



CD4+ and CD8+ T cells immune activation

Peripheral blood mononuclear cells (PBMCs) were isolated from 12 ml of peripheral blood by density gradient centrifugation using lymphoprep (Axis-Shield, Oslo, Norway) according to manufacturer’s instructions. Vials with 25 million PBMCs were cryopreserved until used. After thawing, total PBMCs were manually counted and washed with phosphate-buffered saline (PBS, Lonza, CA, USA). A total of 5 million PBMCs were stained extracellularly by incubating the cells with an antibody cocktail at room temperature for 15 min. Finally, cells were fixed in 300ul of 1% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) and acquired immediately on a FACS LSR II cytometer (BD Biosciences, CA, USA). The following immunofluorescent monoclonal antibodies were used: BV570-CD3 (clone UCHT1), APC-Cy7-CD4 (clone A161A1), BV711-CD38 (clone HIT2), BV785-HLADR (clone L243) from Biolegend (San Diego, CA, USA) and Alexa Fluor 700-CD8 (clone RPA-T8) from BD Pharmingen (Franklin Lakes, NJ, USA). Live/dead aqua fluorescent reactive dye, from Invitrogen (Thermo Fisher scientific, Waltham, MA, USA) was used as a viability marker. Fluorescence minus one (FMO) stained tubes were used as gating controls. The software FlowJo 10 was used to analyze the data following the next strategy of gating: after using cleaning gates for singlets, morphology and viability, immune activation status (CD38/HLADR co-expression) was analyzed on total CD3+ CD4+ and CD3+ CD8+ T cells. CD4+ and CD8+ T cells immune activation determination is not routinary performed in our hospital as part of the standard clinical follow-up of PLWHIV and were only performed for research proposes for the participants of this study.



Single cell RNA-seq library preparation

We used frozen PBMCs samples from baseline (t = 0) and at 6 months after receiving supplementation (t = 6) from the zinc, selenium or control groups (1 individual of each group that experienced a significant increase on the seric concentration of zinc and selenium after 6 months of supplementation was selected). The group supplemented with both zinc+selenium was not included in this experiment. The PBMCs were thawed and incubated overnight at 37°C with RPMI (PBS, Lonza, CA, USA) with 10% bovine serum (Hyclone Merck, Darmstadt, Germany). The next day, the samples were labeled with molecular markers using Sample Tag (1–7) BD Human Single Cell Multiplexing Kit (Cat, 633,781, San Jose, California, USA) following manufacturer’s instructions. Then, the samples were sorted to purify live/CD45(+)/CD15(−) cells (using antibodies from Biolegend; San Diego, CA, USA). These cells were pulled together to ensure analysis of at least 5,700 cells from each sample with a total of 40,000 cells. To capture mRNA, we used the BD Rhapsody Express Single Cell Analysis System, following manufacturer’s instructions for the BD Rhapsody Express Targeted library workflow. Briefly, the sorted cells were loaded on the cartridge with the Cell Capture Beads provided by the kit; then, the cells were lysed to capture all messenger RNA. Finally, cDNA synthesis and the library preparation were performed following manufacturer’s instructions from the BD Rhapsody Immune Response Targeted Panel (Human) kit, (Cat, 633,750, San Jose, California, USA), which contains 399 genes for profiling human immune cells: naïve and memory CD4+ T cells, naïve and memory CD8+ T cells, Monocytes, Dendritic Cells, gamma-delta T cells, mast cells, B cells, NK and NKT cells.



Single cell RNA-seq data analysis

The FASTQ files obtained from sequencing were processed following the BD Rhapsody Targeted Analysis Pipeline (BD Biosciences). First, low quality read pairs were removed based on read length, base calling quality and highest single nucleotide frequency. Filtered R1 reads were used to identify Unique Molecular Identifier (UMI) sequences. Then, read pairs were aligned to the Rhapsody Immune Response Panel Hs (BD Biosciences) reference using STAR (27).The generated raw count matrices were adjusted by two error correction algorithms developed by BD Biosciences—recursive substitution error correction (RSEC) and distribution-based error correction (DBEC). Unique cells were then estimated using the second derivative analysis to filter out noise cell labels, based on the assumption that putative cells have many more reads than noise cell labels. Thus, the cells were sorted in the descending order by the number of reads and the inflexion point can be observed on a log-transformed cumulative curve of the number of reads. Cell type labels were obtained for each cell using a machine learning model developed on human PBMCs (BD Biosciences), and cells with an undetermined type label were excluded from further analyses. The DBEC-adjusted read count matrices obtained from the Rhapsody pipeline were further analyzed using Seurat (28). Expression matrices were log normalized and dimensional reduction was performed using the first 30 principal components. Uniform Manifold Approximation and Projection (UMAP) was used for data visualization. Data was scaled using the Seurat Scale Data function for integrative analysis between samples. Differential gene expression analysis between conditions was performed using the Seurat Find Markers function, using an adjusted p-value threshold of less than 0.05 for a gene to be considered differentially expressed. For the longitudinal analysis of selenium and zinc supplementations, we considered a gene to be differentially expressed if it fulfilled all of the following conditions: (a) it was differentially expressed in the supplementation (either zinc or selenium) t0 vs. supplementation t6 comparison, (b) it was differentially expressed in the control t6 vs. supplementation t6 comparison, (c) it was not differentially expressed in the control t0 vs. control t6 comparison, (d) it was not differentially expressed in the control t0 vs. supplementation t0 comparison. Heatmaps of differentially expressed genes were generated with the R package Pheatmap, using the average expression values of genes by sample and cell type, which were obtained using the Seurat Average Expression function.



Sample size

For the calculation of sample size, we obtained data from a published article in which a 13% of variation of selenium levels was observed after their supplementation. We used a statistical power of the 80% with a significance <0.05 in the formula using R studio software and we got a sample size of 84 individuals. Due to the COVID-19 pandemic, recruitment and follow-up could not be completed; therefore, we modified the original design from a clinical trial into a pilot clinical trial. The final number of individuals per group in the present study was: G1 (zinc supplementation) n = 18, G2 (selenium supplementation) n = 13, G3 (zinc + selenium supplementation) n = 13 and G4 (control group) n = 16.



Randomization and blinding

Potential participants were primarily identified by health providers who invited them to join the study. Participants were randomly assigned to either zinc group, selenium group, zinc + selenium group or control group using a dynamic randomization method designed to be balanced by the following strata: age, CD4+ T cell count, CD4+ T cells nadir and time on ART. R Studio software was used for this purpose using covariate-adaptative randomization with the carat package. Patients who were randomized into supplementation groups and clinic staff were blinded during the complete follow-up.



Statistical analysis

Statistical analyses were performed using STATA software version 14 (Stata Corp, College Station, TX, USA). Data distribution of continuous variables was examined with the Saphiro Wilk test. Values are expressed as mean ± SD for normally distributed continuous variables and median (interquartile ranges [IQRs]) for skewed variables or percentage of total for categorical variables. Two-way analysis of variance for repeated measures with Bonferroni’s multiple comparisons test was used to compare body composition, clinical, biochemical and immunological variables between supplementation groups. Furthermore, within group differences were assessed using the paired t-test (or Wilcoxon signed ranks test). Linear (β, CI95%) regression models were performed to assess the association between supplementation group and fat mass loss (in % and kilograms) adjusted to baseline value of body composition. p-values less than 0.05 were considered significant.




Results


Cohort characteristics before supplementation

We recruited 60 men diagnosed with HIV, on long-term ART, who were randomly assigned into three supplementation groups (G1, assigned to zinc supplementation, n = 18; G2, assigned to selenium supplementation, n = 13; G3, assigned to zinc + selenium supplementation, n = 13) and a control group without supplementation (G4, n = 16). The median of age in the entire cohort was 39.5 ± 9.4 years and we did not find statistical age differences between the study groups (p > 0.05 in all cases). Additionally, the mean time since HIV diagnosis (6 years), mean time receiving ART (4.8 years) and the mean nadir CD4+ T cells counts (161 cells/mm3) were similar between the 4 study groups (p > 0.05 in all cases). The mean CD4+ T cell count of the entire cohort was 580 ± 234 cells/mm3 without statistical difference between the study groups (p > 0.05 in all cases). Also, we did no find differences in the relative abundance of CD4+ T cells between groups (p > 0.05 in all cases). All the individuals recruited had undetectable viral load (<40 HIV RNA copies/ml). Forty-four participants (77%) from the entire cohort were on Efavirenz (EFV) + Emtricitabine (FTC) + Tenofovir disoproxil fumarate (TDF); only 4 (6%) were on Abacavir/Lamivudine (ABC/3TC) + Efavirenz (EFV) and 12 (17%) were on different regimens. We did not find differences in the ART regimen when the study groups were compared (p > 0.05 in all cases; Table 1). We found that the 4 studied groups had similar amounts of energy, zinc and selenium intake and also the seric levels of zinc and selenium were similar in the study groups before supplementation (p > 0.05 in all cases; Table 1). Moreover, we observed that 48.5% of the entire cohort presented suboptimal zinc intake (<9.4 mg/day), while only 4% of the cohort showed suboptimal selenium intake (<45 μg/day). When the seric levels of zinc and selenium were analyzed, we found that 19 and 46.5% of the entire cohort showed zinc and selenium deficiency respectively; however, the individuals that presented suboptimal intake or seric deficiency were homogeneously distributed in the 4 groups of study (p > 0.05 in all cases; Table 1).



TABLE 1 Cohort characteristics of PLWHIV before supplementation.
[image: A table showing clinic characteristics and dietary measurements for four groups: G1 (zinc supplementation), G2 (selenium supplementation), G3 (zinc + selenium), and G4 (control). Each group's data includes age, time since HIV diagnosis, time on ART, T cell counts, viral load, ART regimen, energy intake, dietary zinc and selenium intake, suboptimal intake percentages, seric zinc and selenium levels, and deficiency percentages. P-values for comparisons are provided.]

We measured weight, body mass index (BMI), fat mass (absolute and relative), trunk fat, muscle mass and bone mineral density (BMD, femoral and lumbar) in order to characterize the body composition of the cohort at baseline before supplementation. Fat mass at baseline (expressed in either percentage or kilograms) was significantly higher in the G2 (assigned to selenium supplementation) compared to G3 (assigned to zinc + selenium supplementation; p = 0.01).

Additionally, the G1 (assigned to zinc supplementation) had significantly lower lumbar BMD than G2 (assigned to selenium supplementation; p = 0.03) before supplementation. We did not find differences on the weight, BMI, trunk fat mass, muscle mass or femoral BMD between the studied groups before supplementation (p > 0.05 in all cases; Supplementary Table 1). We also evaluated the blood biochemical parameters: total cholesterol, HDL, LDL, triglycerides and fasting glucose in order to determine de presence of metabolic diseases in the cohort at baseline before supplementation. We found that the levels of total cholesterol, HDL, LDL, triglycerides and glucose before supplementation were not different between the studied groups (p > 0.05 in all cases). Also, the prevalence of hypercholesterolemia, low HDL, high LDL, hypertriglicerydemia or impaired glucose levels was similar between the 4 studied groups before supplementation (p > 0.05 in all cases; Supplementary Table 1).



Changes in body composition, clinical, biochemical and immunological outcomes after 6 months of zinc or/and selenium supplementation

All the individuals that were included in the present analysis completed the supplementation with more than 90% of adherence to the zinc and/or selenium treatment during the entire time of the intervention. Moreover, after 6 months of supplementation with zinc, selenium or both nutriments simultaneously, any of the participants developed side effects such as nauseas, vomiting, diarrhea or dermatitis associated to the intervention. Any of the participants of the study died or developed serious adverse events during the entire intervention time.

We found that the individuals that were supplemented with selenium significantly decreased the fat mass in kilograms (p = 0.03) and percentage (p = 0.02) as well as their trunk fat (p = 0.01) and BMI (p = 0.03; Table 2, panel A). These changes were assesses using linear regression analysis, and we found that selenium group significantly decreased fat mass in kilograms (β 1.7, CI95% 0.20–3.3, p = 0.02) adjusted to basal value in comparison to another supplementation group. Similar result was observed for fat mass in percentage (β 2.1, CI95% 0.34–3.9, p = 0.02). We did not observe any significant differences on body composition parameters or BMD after 6 months of supplementation with zinc or zinc + selenium (p > 0.05 in all cases; Table 2, panel A).



TABLE 2 Changes on body composition, bone mineral density and biochemical measurements after 6 months of zinc or/and selenium supplementation.
[image: A table comparing body composition, bone mineral density, and biochemical measurements across four groups: zinc supplemented, selenium supplemented, zinc plus selenium supplemented, and no supplementation control. Measurements include weight, BMI, fat mass, muscle mass, cholesterol levels, and glucose. Changes from baseline to six months are shown with statistical significance (p-values). Statistically significant differences are in bold, highlighting notable changes in specific measures like BMI, fat mass, and trunk fat mass in the selenium group, and lumbar bone mineral density changes across groups.]

No changes on the total cholesterol, HDL or LDL levels, triglycerides or glucose after 6 months of zinc, selenium or simultaneously both micronutrients supplementation independently of serum zinc or selenium deficiency at baseline (p > 0.05 in all cases; Table 2, panel B). Additionally, we analyze the effect of zinc or/and selenium supplementation on these biochemical parameters, but only on the individuals with baseline seric zinc or selenium deficiency. We did not find any effect of zinc or/and selenium supplementation on total cholesterol, HDL or LDL levels, triglycerides or glucose in the individuals with baseline zinc (p > 0.05 in all cases; Supplementary Table 2) or selenium (p > 0.05 in all cases; Supplementary Table 3) deficiency.

The measurements of the dietary intake showed that the individuals in the 4 groups of study did not change the amount calories (energy) or intake of zinc or selenium in their diets during the 6 months of the intervention (p > 0.05 in all cases; Table 3, panel A). Nonetheless, as expected, the seric levels of zinc, selenium or both micronutrients increased after 6 months of supplementation, but without reaching statistical difference (p > 0.05 in all cases; Table 3, panel A). In all the cases, the final concentration of seric zinc or/and selenium reached normal ranges after supplementation.



TABLE 3 Changes on dietary and immunological measurements after 6 months of zinc or/and selenium supplementation.
[image: A detailed table comparing dietary and immunological measurements across four groups: G1 (zinc supplemented), G2 (selenium supplemented), G3 (zinc plus selenium supplemented), and G4 (no supplementation control), over baseline and six-month periods. It includes variables like energy, zinc, and selenium intake, with statistical significance values and analysis methods noted. The Kruskal-Wallis or t test was performed for comparison between groups, and acronyms BMI, BMD, ND, HDL, and LDL are explained.]

Meanwhile, in the analyses of the immunological data, we found that CD4+ T cell counts tend to increase after zinc supplementation (p = 0.05) while CD4+ T cells frequency significantly increased after selenium supplementation (p = 0.03; Table 3, panel B). When we analyzed the effect of zinc or/and selenium supplementation on CD4+ T cell counts only in the individuals with baseline seric zinc or selenium deficiency, we found no significant changes on CD4+ T cells counts or frequency after supplementation (p > 0.05 in all cases; Supplementary Tables 2, 3). The frequency of activated (CD38 + HLADR+) CD4+ and CD8+ T cells did not change after 6 months of supplementation with zinc, selenium or both micronutrients simultaneously (p > 0.05 in all cases; Table 3, panel B).



Single cell transcriptome analysis

We explored the expression of selected immune-response-associated genes using a targeted single cell RNA-sequencing approach. This was evaluated in leukocytes, excluding neutrophils, from 1 individual that received 6 months of zinc supplementation, 1 individual that received 6 months of selenium and 1 individual that did not received any supplementation (control group), before (t0) and 6 months after receiving supplementation (t6; Figure 1). The individuals that were chosen for this experiment were the ones that experienced a significant increase of seric concentration of zinc and selenium after 6 months of supplementation. We did not find statistical differences on gene expression after supplementation in any of the immune populations: CD4+ T cells, monocytes, dendritic cells, gamma-delta T cells, mast cells, B cells, NK and NKT cells (data not shown). We considered a gene to be differentially expressed if its expression changed significantly in the supplemented group t0 vs. t6 and if it was differentially expressed compared to the control group (Figures 1A–C). We found that after 6 months of zinc supplementation, naïve CD8+ T cells significantly increased the expression of the genes: TRAC, CCR7, PIK3IP1 and decreased significantly the expression of the genes: NKG7, GZMB, TARP, IL2R, CCL5 and FCGR3A (adjusted p value <0.05 in all cases; Figure 1D; Supplementary Table 4). In the selenium supplemented group, we observed that after 6 months of supplementation, the naïve CD8+ T cells significantly decreased the expression of the genes: CD69 and CXCR4 and significantly increased the expression of the genes: CD8A, GIMAP5 and IL32 (p < 0.05 in all cases; Figure 1E; Supplementary Table 4). Also in the selenium supplemented group, we observed that the memory CD8+ T cells significantly decreased the expression of the genes: CXCR4, PASK, BTG1, and CCL3 and significantly increased the expression of the genes: APOBEC3G, GZMB, GZMMH, CCL5 and CD8A (p < 0.05 in all cases; Figure 1F; Supplementary Table 4).

[image: Venn diagrams A, B, and C depict gene overlap from zinc and selenium supplementation studies, highlighting unique and shared genes across different conditions. Diagrams show percentages of gene occurrences, with specific sections boxed. Heatmaps D, E, and F illustrate differentially expressed genes in naïve and memory CD8+ T cells under supplementation conditions, with colors indicating z-scores, showing expression levels relative to control at time points zero and six.]

FIGURE 1
 Differential gene expression analyses in longitudinal single cell RNA-sequencing data of zinc and selenium supplementation. Venn diagrams showing overlapping differentially expressed genes of different pairwise comparisons in naive CD8+ T cells after zinc supplementation (A) in naive CD8+ T cells after selenium supplementation (B) and in memory CD8+ T cells after selenium supplementation (C). The red square shows the genes that we considered to be differentially expressed after 6 months supplementation with either zinc or selenium. The criteria used to considerer a gene differentially expressed is detailed in the methods section. Heatmaps showing the average expression of single cell RNA-sequencing differentially expressed genes induced after 6-month supplementation (t6) with zinc or selenium supplementation in naive T CD8+ cells (D,E) and memory T CD8+ cells (F).





Discussion

In this study we observed that selenium supplementation has beneficial effects on body composition and on CD4+ T cell replenishment in PLWHIV on long-term ART without metabolic diseases. Additionally, zinc and selenium supplementation seem to modify the expression of genes associated with the function of naive and memory CD8+ T cells. All of these benefits were obtained without any adverse events such as nauseas, vomiting, diarrhea or dermatitis, with the dosage and presentation of the supplements used during the entire time of the intervention. To this date, we are not aware of any previous study that documented the effect of zinc and selenium supplementation on body composition, glucose and on lipid profile on clinically stable PLWHIV on long-term ART. Additionally, the effect of this intervention on the immune system at the transcriptome level has not been explored before.

First, we analyzed the effect of the supplementation on the body composition and bone mineral density (BMD). In our cohort, we did not observe significant changes in body composition or BMD after 6 months of zinc supplementation. In the case of the experimental group supplemented with selenium, we did not find any effect of supplementation on BMD, but we found a significant decrease in BMI and fat mass (almost 2 kg of fat) after 6 months of supplementation, this without a significant reduction of energy intake or an increase in physical activity during the supplementation period. One possible mechanism to explain this change on BMI and fat mass is the effect of selenium, particularly the selenoproteins glutathione peroxidase and selenoproteins P, on the regulation of enzymes of the insulin signaling cascade, the expression of lipogenic enzymes and in carbohydrate metabolism in the liver. Additionally, selenium promotes the formation of antioxidant selenoproteins, leading to reduced concentrations of reactive oxygen species, which are required in physiological amounts for appropriate insulin signaling (29–31). Unfortunately, we were unable to measure insulin or reactive oxygen species in our cohort. However, the reduction on fat mass may translate into substantial health benefits on PLWHIV, since high fat mass has been associated with metabolic diseases, cardiovascular risk and inflammation on treated PLWHIV (32). Follow-up studies with longer supplementation periods are necessary to determine the long-term benefits of selenium supplementation in the reduction of fat mass and the development of metabolic diseases.

After 6 months of zinc or/and selenium supplementation, we did not observe an effect on cholesterol, triglycerides, fasting glucose or blood pressure. We hypothesized that the intervention would be particularly beneficial to individuals with baseline seric zinc or selenium deficiency. After analyzing changes on the blood biochemical parameters only in the individuals with seric deficiency, we did not observe any effect of the supplementation. Further studies with increased number of individuals with zinc and selenium deficiency or with altered biochemical parameters are necessary in order to determine the effect of zinc and selenium supplementation on biochemical parameters. Additionally, there is a remarkable need for clinical research to study the effect of the dose and duration of the supplementation on the efficacy of nutritional interventions.

Interestingly, a previous study that analyzed the effect of zinc supplementation on PLWHIV on ART with sub-clinical inflammation, found that the response to supplementation was dependent on the absence of inflammation (33). In our cohort, we did not measure any marker of inflammation, but as HIV infection is characterized by chronic immune activation and inflammation, which is not reverted after ART (34), low grade inflammation may be an important factor that could affect supplementation effect on the biochemical parameters measured.

There are controversial reports about the effect of zinc and selenium supplementation on CD4+ T cell replenishment. In the case of zinc, some studies have reported no effect of zinc supplementation on CD4+ T cells levels (14). In contrast, Asdamongkol et al. and others, found increased CD4+ T cell counts after 6 months of zinc supplementation (16, 17), similar to the results obtained in our study with a tendency of increase CD4+ T cell counts after zinc supplementation. On the other hand, some authors have reported increased CD4+ T cell numbers after selenium supplementation, which is in line with our results, while others did not find any effect (20). The differences in the results obtained from the studies can be attributed to different doses and pharmacological presentation of the supplements, the duration of the intervention and the clinical/demographical characteristics of the cohort. It is essential to optimize the best dose and duration of supplementation to achieve benefits on CD4+ T cells recuperation using zinc and selenium interventions. In our study, the individuals that received selenium supplementation experienced an increase on CD4+ T cell frequency which represent an improvement on their health status and may be protective against apparition of opportunistic infections.

Persistent activation of the adaptative immune system, chronic inflammation and accelerated senescence have been associated with the development of non-AIDS comorbidities in PLWHIV on long-term ART (35). On clinically controlled long-term treated PLWHIV, reverting residual immune activation and inflammation to levels similar to those observed in non-HIV-infected individuals is one of the main objectives of clinical and basic research. As already demonstrated for vitamin D supplementation on treated HIV-infected individuals (36), we hypothesized that zinc and selenium could contribute to reducing immune activation and inflammation in our cohort, as previously reported elsewhere (21, 22). However, we did not find changes in the expression of activation markers CD38 and HLADR on CD4+ and CD8+ T cells after 6 months of zinc or/and selenium supplementation. It is necessary to continue looking for strategies to reduce and restore chronic inflammation and immune activation on treated PLWHIV.

Additionally, we hypothesized that at the cellular level, particularly in the transcriptome, the intervention would modify the expression of genes responsible for immune system responses, and that those changes could bring functional benefits that may not be reflected on the clinical measurements that we proposed as readouts. In fact, we found changes in the transcription of several genes in response to zinc and selenium supplementation, particularly in naïve CD8+ T cells, the cells of the adaptive immune system in charge of the response to novel pathogens, particularly to the antiviral and antitumoral immunity. In our targeted single cell RNA-sequencing experiment, we observed that after 6 months of zinc supplementation, naive CD8+ T cells increased the expression of genes associated with maturation (PIK3IP, TRAC), differentiation and migration to the lymph nodes (CCR7) where they develop immune responses to novel viral or tumoral antigens. These cells also decreased the expression of genes associated directly with their functional profile as degranulation (NKG7), cytotoxicity (GZMB), proliferation (IL2RB) and inflammation (CCL5). Also, after selenium supplementation, naïve CD8+ T cells upregulated the expression of genes associated with maturation (CD8a), activation (IL-32) and survival (GIMAP5). This could be interpretated as a beneficial effect of zinc or selenium supplementation, as naïve CD8+ T cells are expressing genes that prepare them to be successfully activated in case of encounter with novel viral or tumoral antigens, but, as expected for not experienced CD8+ T cells, they significantly reduced expression of genes directly associated with function in order to maintain the regulation of the immune response. Additionally, we found that selenium supplementation also has effect on memory CD8+ T cells, that are responsible for long-term maintenance of the immune response against viral or tumoral antigens. In this regard, our targeted single cell RNA-sequencing differential expression analysis showed that memory CD8+ T cells upregulated expression of genes associated with maturation (CD8A) and effector functions such as production of cytotoxic granules that directly kill virus infected or tumoral cells (GZMB, GZMH). Moreover, after selenium supplementation, memory CD8+ T cells significantly increased expression of genes associated with two of the major HIV-suppressive factors, the chemokine RANTES and the restriction factor APOBEC3G, which impair HIV infection of CD4+ T cells and causes hypermutation of the HIV genome during reverse transcription, respectively (37). These results warrant future research to study the effect of zinc and selenium supplementation at a cellular level, with a higher number of individuals per group and validation experiments to correlate gene expression with the presence of the functional protein.

It is well known that zinc and selenium have similar biological functions such as anti-inflammatory and antioxidant effect at a cellular level, therefore, we hypothesized the possibility of a synergistic interaction through their combined supplementation. The absence of effects after combining zinc and selenium supplementation on the clinical and immunological readouts of the present study might be associated with potential antagonism with other trace elements that compete for absorption sites and transporters. Moreover, altered homeostasis or impaired metabolism of other trace elements may impede correct zinc and selenium function (38). Therefore, it may be recommendable to assess the level of other trace elements, as cupper or iron, in order to improve micronutrient combination strategies to avoid possible antagonism between them that could decrease their clinical effect.

Our study has several limitations: (1) The statistical power of the study was limited by the reduced number of individuals in each intervention arm, which limited the study to a pilot clinical trial; (2) The control group did not receive placebo tablets and thus, the study was not blinded to this group participants; (3) Our data shows that a 6-month supplementation period may be insufficient to observe significant changes on the biochemical parameters evaluated in the present study. We cannot rule out the possibility that longer periods of supplementation could induce changes in the forementioned parameters; (4) Our observations may not be extrapolated to women, younger/older populations or ART naïve PLWHIV since all our cohort was composed by middle-aged men on long-term ART, which represents 90% of the PLWHIV that attend our institution; (5) We were not able to determine the seric zinc and selenium concentrations before supplementation. This was due to the requirement of specialized techniques for the measurement of micronutrients performed in a different institution, which resulted in the inclusion of participants with or without deficiency; (6) A longer follow-up period of the cohort is necessary in order to determine the long-term effect of zinc and selenium supplementation on the protection against opportunistic infections and the development of non-AIDS comorbidities; (7) For the single cell transcriptome experiments, we were able to include only one individual per group, and validation experiments were not carried out to confirm the results.

The present study brings some light into the understanding of the clinical, biochemical and immunological effect of zinc and selenium supplementation in clinically stable long-term treated PLWHIV without metabolic diseases or active coinfections. This population has been poorly studied and has not been considered as a target population for multiple interventions since they are unlikely to progress to AIDS, they have significantly increased their CD4+ T cell counts and immune responses. However, we consider that there are still multiple areas of opportunity to improve their health status and increase their quality of life. Several nutritional interventions have shown to be simple to implement, while also not interfering with ART, and to be economically feasible. We have shown the potential benefits of selenium supplementation on body composition, replenishment of CD4+ T cells and potentially beneficial transcriptional changes in CD8+ T cells that could improve negative effects associated with inflammation, metabolic and immune dysfunctions. Further research on other strategies to improve the quality of life and morbidity of PLWHIV on long-term ART are needed.



Conclusion

Six months of selenium supplementation in middle-aged men PLWHIV on long-term ART has beneficial effects on body composition, specifically in reducing BMI and fat mass and with improved CD4+ T cell recuperation. Zinc or selenium or both micronutrients simultaneously supplemented during 6 months does not have an effect on total cholesterol, HDL or LDL levels, triglycerides or glucose. It is critical to determine the optimal duration of supplementation in order to improve the effect of nutritional interventions. Even on absence of changes on metabolic parameters, zinc or selenium supplementation is associated with the modification of the expression of genes responsible of the maturation of naive CD8+ T cells and with the antiviral capacity of memory CD8+ T cells, which could represent and improvement on their immune response. Zinc and selenium supplementation is a simple, economic and safe nutritional intervention that may complement the ART in order to improve the immune system function, health status and quality of life of PLWHIV on long-term ART clinically stable without metabolic diseases.
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Introduction: Anemia is one of the most serious health problems impacting people worldwide. The disease is quiet, moving slowly and producing only a few physical symptoms. Anemia during pregnancy raises the risk of premature birth, low birth weight, and fetal anomalies, and it can have a substantial financial impact on society and families. However, there was a paucity of studies on the magnitude and associated factors of anemia among pregnant women in southern Ethiopia.
Objective: This study aimed to assess the magnitude and associated factors of anemia among pregnant women attending antenatal care in the Hawella Tula Sub-city of Hawassa City in 2021.
Methods: Institution-based cross-sectional study was done on 341 randomly selected pregnant women attending antenatal care clinics. Data were obtained using a standardized semi-structured questionnaire. To identify the associated factors for the magnitude of anemia logistic regression model was used with an adjusted odds ratio (AOR) with 95% confidence intervals (CI) was calculated.
Results: The prevalence of anemia among pregnant women attending antenatal care in health facilities of Hawella Tula Sub-city was 113 (33.7%) with a 95% confidence interval (CI) (28.8, 38.9). Male-headed household (AOR = 2.217, 95% CI: 1.146, 4.286), rural resident (AOR = 3.805, 95% CI: 2.118, 6.838), early marriage below 18 years (AOR = 2.137, 95% CI: 1.193, 3.830), and recurrent of illness during pregnancy (AOR = 3.189, 95% CI: 1.405, 7.241) were associated factors for anemia.
Conclusion: Anemia prevalence among pregnant women was 113 (33.7%). Anemia among pregnant women was associated with rural residents, early marriage age below 18 years, and repeated illnesses during pregnancy.
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Introduction

A hemoglobin concentration below a cutoff determined by age, sex, and pregnancy is referred to as anemia (1). Low blood hemoglobin concentration, or anemia, is a health issue that affects people in high-, middle-, and low-income nations. It has detrimental implications on social and economic development and major health consequences (2). Although blood hemoglobin concentration is the most reliable indication of anemia at the population level, measures of concentration alone do not establish the cause of anemia (3). Anemia during pregnancy is classified as severe if the hemoglobin concentration is less than 7.0 g/dL, moderate if the hemoglobin concentration is between 7.0 and 9.9 g/dL, and mild if the hemoglobin concentration is between 10.0 and 11 g/dL (4).

Anemia is still a major health issue, particularly among pregnant women and girls in less developed countries (5). Anemia is thought to be a sign of both inadequate nutrition and health state (6). An estimated 2 billion people are suffering, representing more than one-third of the world’s population (7). Although nutritional, genetic, and infectious disease variables all contribute to anemia, iron deficiency accounts for 75% of cases (8, 9). Iron deficiency anemia has a detrimental impact on national development since it impairs children’s cognitive development and adult productivity (8). More than half of pregnant women and over one-third of all women suffer from anemia (10–12). In Mali, 63.5% of women of reproductive age suffer from anemia (13). In Somali land, a study found an overall prevalence of anemia among pregnant women at 50.6% (95% CI: 45.40–55.72%) (14).

In Ethiopia, the systematic review and meta-analysis pooled the prevalence of anemia among pregnant women was 26.4% (15). This is manifested by an inadequate supply of iron to the cells following the depletion of stored iron (16). Iron helps us the transfer of oxygen from the lungs to other parts of the body tissues. When iron deficiency happens it affects metabolism, brain development, and growth (17). More pregnant women are affected than other society groups (3, 18).

Anemia may result from several causes, with the most significant contributor being iron deficiency. Approximately 50% of cases of anemia are considered to be due to iron deficiency, but the proportion probably varies among population groups and in different areas, according to the local condition (19). Although the primary cause is iron deficiency, it is seldom present in isolation (20). Because of the significance of this disease worldwide, many countries have seen it cohabit more commonly with a variety of other causes, including hemoglobinopathies, dietary inadequacies, parasite infections, and malaria (21–24).

Severe maternal anemia is strongly associated with maternal mortality and is typically confounded by multiple underlying conditions. Despite this known complexity, iron deficiency is often misidentified as the single contributor to the onset of anemia. Due to their unique roles in the synthesis of hemoglobin and/or the formation of erythrocytes, deficiencies in vitamins A, B2, B6, B12, C, D, E, folate, copper, selenium, and zinc can also cause anemia; however, some of these micronutrients may not be significantly responsible for the prevalence of anemia worldwide, infectious diseases such as human immunodeficiency virus (HIV), parasitic infections such as hookworm and schistosomiasis and inherited genetics are additional and often neglected causes of anemia (16, 25–27).

As a result, no new research has been published in this field; however, earlier research has indicated that iron deficiency which is rarely found alone is the main contributing factor. It more often coexists with hemoglobinopathies, dietary deficits, and parasite infections. The management and control of anemia during pregnancy are significantly influenced by the availability of local prevalence information. Aside from the few studies already out in Ethiopia, nothing is currently known about the prevalence of anemia among pregnant women in our research area. To focus on the characteristics in the study region, this study aimed to determine the prevalence of anemia and its associated factors among pregnant women receiving prenatal care in Hawassa municipal administration health facilities.



Materials and methods


Study settings and study periods

The study was conducted at Hawela Tula sub-city of Hawassa City Administration, Sidama Regional State, Southern Ethiopia. The study was conducted from October 15 to December 2, 2021. Hawassa city was located 275 km from Addis Ababa. According to the population census, of 2007, the population of Hawassa City in 2021 was 374,034 out of which 190,757 were males and 183,277 were females (28). The total population of the sub-city is estimated to be 135,793 out of this about 4,698 (3.46%) pregnant women are expected to live in the city. In Hawassa city, there are eight sub-cities and 83 public and private health institutions among them, one public referral and teaching hospital, one General Hospital, two primary hospitals, four private hospitals, six public HC, 17 Health posts, and 51 private clinics given the service.



Study design

A cross-sectional study design was used.



Source and study population

All pregnant mothers living in Hawassa city were the source population. The study population was all systematically randomly selected pregnant women who had ANC follow-up in the selected health facilities.



Inclusion and exclusion criteria

Pregnant women who had earned antenatal care at Hawella Tula Sub-city health facilities during the period under the interview were included; however, those who were seriously ill at the moment of data collection, who were unable to hear and/or speak, and who were unwilling to participate in the interviews were excluded.



Measurement of variables


Outcome variable

The outcome variable in this study is anemia. According to the WHO classifications for hemoglobin concentration values, pregnant mothers were divided into four groups: Hgb level ≥ 11.0 gm/dL is no anemia, Hgb level less than 7.0 gm/dL is severe anemia, Hgb level 7–9.9 gm/dL is moderate anemia and Hgb level 10–10.9 gm/dL is mild anemia (3).



Independent variables

Sociodemographic and socioeconomic variables: age, religion, residence, occupational status, marital status, Educational status, monthly family income, gravidity, parity, gestational age, history of contraceptive use, history of the heavy ministerial cycle, birth interval, family size, nutritional status, hemoglobin level, intestinal parasite infestation, iron folic supplementation, iron supplementation starting period, deworming in the last 6 months, drinking of stimulants (tea, coffee, cocoa, etc.), and lack of sleeping/rest are independent variables.

	Pregnant women’s nutritional status: MUAC less than 23 cm indicates that the pregnant woman has moderate malnutrition, MUAC less the 18.5 cm indicates that the mother has severe malnutrition, and MUAC 23 cm and above is normal (29).
	Pregnant women DDS: Dietary Diversity Score was calculated from a single 24-h recall and all the liquids, and the foods consumed a day before the study were categorized into nine food groups. Consuming a food item from any of the groups was assigned a score of “1” and a score of “0” if the food was not taken. Thus, a Dietary Diversity Score of nine points was calculated by adding the values of all the food groups. After that, it was classified as low (less than or equal to 3) medium (4—6), and high (7—9) (30, 31).
	Dietary variables: include whether tea or coffee is consumed immediately after a meal, the frequency of daily meat eating (more than once per week or less than once per week), fruit and vegetable consumption (more or less than once per day), and milk consumption.




Sample size determination

A single population proportion is used to determine the sample size, P is obtained from similar studies in Adama town 28.1% (32). The sample size was figured out with consideration of 95% Confidence level, 5% precision, and p = 28.1% magnitude of anemia among pregnant women. The non-response rate taken about 10% sample in addition to the calculated “n.” Based on this the formula was presented as follows to calculate “n.”

[image: Sample size formula: n equals Z alpha over 2 times p times one minus p, all divided by d squared.]

Where:

	n = the required sample size.
	p = proportion of anemia, which is 28.1%.
	d = estimated marginal error, which is 5%.
	Z 𝛼/2 = the cross-ponding value of the confidence coefficient at alpha level 0.05 which is 1.96. After adding 10%, non-response allowances the minimum final sample size became 341.



Sampling technique and procedure

Three health institutions were selected by simple random sampling out of a total of six. Based on the family planning clinic attendants or each health center’s past performance, the proportionate sample approach was used to calculate the intended number of clients for each facility. After selecting using a lottery method from 1 to 4 for the first time, every fourth client in each health facility was interviewed to gather the necessary data for the study. This process was repeated every 4 weeks until the necessary sample size was achieved. Individual study participants were chosen using systematic sampling techniques between 1 and the sampling interval.



Data collection tools and procedures

The semi-structured questionnaire was taken from relevant published research and then tailored to the local environment to gather critical data from expecting mothers when they exited ANC. Interviewer-assisted questions were used for socio-demographics and socioeconomic, reproductive history, maternity features, food and nutrition-related characteristics, and other variables (16, 33, 34). Variables such as hemoglobin (Hgb) level and MUAC were extracted from respondents’ charts using their registration numbers. Dietary diversity was assessed using the 24-h dietary recall approach, which was modified from the Food and Agriculture Organization criteria for quantifying household and individual dietary diversity (30, 31). The selected interviewers employed questionnaires and interview procedures to obtain data from expectant mothers at the selected health facilities. The data collection method was undertaken by a team of four senior midwives and two experienced supervisors.



Data quality control

To ensure the accuracy of the results, a mid-upper arm circumference measurement device and a 10% pretested semi-structured questionnaire were utilized. Three days of training on the purpose of the study, how to contact study participants, and how to utilize the questionnaire were given to the data collectors and supervisors. Senior experts with extensive experience performed the laboratory procedures and sample collection. The gathered data were checked for accuracy, clarity, and completeness by the principal investigator and supervisors. Subsequent data collection, this quality check was conducted daily, and any modifications were made before the subsequent data collection measure. The data were cleaned up and cross-checked before analysis. The outcome and independent variables were coded before putting the data into software to ensure data completeness and consistency. The data were then entered into Epi-data version 4.6.2 software and exported to SPSS version 25 software for data analysis.



Data analysis

Demographic information and other factors were presented using descriptive statistics such as frequency, and percentage. Furthermore, data were illustrated with tables, graphs, and texts. The data were analyzed using both bivariate and multivariable logistic regression models to identify associations. In the bivariate analysis, factors having a p value less than 0.25 were chosen for further examination in the multivariable logistic model. To ensure model fitness, the multi-collinearity and goodness of Hosmer and Lemeshow tests were applied. This multivariable approach aims to find significant variables while controlling for any confounding factors. Adjusted Odds Ratios (AORs) were used to measure relationships, along with a 95% confidence interval. Variables having a p value equal to or less than 0.05 were considered statistically significant, indicating a strong association or influence in the context of the research.




Results


Socio-demographic characteristics of the respondents

A total of 335 pregnant mothers among pregnant women attending antenatal care in Hawella Tula Sub-city of Hawassa city administration with a response rate of 98.22% took part in the study. The mean (±SD) age was 27.4 (±4.3) years, which categorized as mainly 188 (56.1%) were 25–29 years. Most of the respondents 246 (73.4%) were headed by males and 234 (69.9%) were urban dwellers. About the educational level of the mothers, 79 (23.6%) had no formal education and 39 (11.6%) of them attended college and above education. About half of the study participants 176 (52.5%) were housewives. About the husband’s educational status, 40 (11.9%) had no formal education. The mean (±SD) family size was 4.2 (±1.9), and the age at first marriage for 112 (33.4%) was below the age of 18 years (Table 1).



TABLE 1 Socio-demographic characters of pregnant women attending antenatal care in Hawella Tula Sub-city in Hawassa City, Ethiopia, 2021.
[image: A table titled "Variables (n = 335)" categorizes demographics of a household survey. It includes age groups, sex of household head, place of residence, education levels of mother and husband, family size, size of farmland, age at first marriage, occupation types, professions of mothers and husbands, and monthly income brackets. Percentages and counts are provided for each category, showing trends such as a majority aged 25-29 years, male household heads, urban residence, housewives in occupation, and income below 25 USD.]



Obstetric characteristics of study participants

The number of pregnancies with a mean (±SD) was 3.1 (±1.4) and the majority of the study participants 277 (82.7%) were multi-gravida, 231 (69.0%) were part 2–4, and most of the reports 334 (99.7%) had single pregnancy. About half of the respondents 186 (48.2%) were between 1 and 3 months of gestational age on their first visit and 70 (20.9%) only had a history of abortion. Out of the study participants interviewed, 134 (47.5%) had below 24 months birth interval and 263 (78.5%) had regular iron intake. On dietary habits, 193 (57.6%) had meat consumption and 146 (43.6%) were using tea immediately after having a meal (Table 2).



TABLE 2 Individual-related factors of pregnant women attending antenatal care in Hawella Tula Sub-city in Hawassa City, Ethiopia, 2021.
[image: Table showing variables related to pregnancy among 335 participants. Gravidities include 17.3% primigravida and 82.7% multigravida. A history of abortion is reported by 20.9%. Parity shows 17.9% nullipara and 69% with two to four children. Antenatal checkups are attended by 78.5%. Birth intervals of less than 24 months are 52.5%, and regular iron intake is at 78.5%. Meat is consumed by 57.6%; tea intake after meals is 43.6%. Recurrent illness during pregnancy is reported by 11.3%. Most have one to three children. Single pregnancies constitute 99.7%. Menstruation flow varies, with 25.1% very heavy.]



Health and nutrition service-related factors

Many of the study participants 243 (72.5%) travel less than 30 min to reach the nearest health institution. Nearly half of the study participants, 160 (47.8%) had nutritional counseling. Most of the participants 218 (65.1%) had experience with food fortification and 285 (85.1%) used piped water for drinking. Furthermore, 275 (82.1%) had latrines and 108 (32.2%) had deworming in the last six mothers during pregnancy preparation (Table 3).



TABLE 3 Health and nutrition-related service of pregnant women attending antenatal care in Hawella Tula Sub-city in Hawassa City, Ethiopia, 2021.
[image: A table presents data on 335 subjects across various variables, including nutritional counseling, distance to health institution, food fortification, iron supplementation timing, drinking water source, latrine availability, deworming, dietary diversity score (DDS), mid-upper arm circumference (MUAC) of mothers, and meal frequency. Each variable is divided into categories with corresponding counts and percentages. For instance, 175 did not receive nutritional counseling (52.2%), while 160 did (47.8%). Most have pipe water access (85.1%) and use latrines (82.1%).]



The magnitude of anemia in pregnant women

The magnitude of anemia among pregnant women attending antenatal care in health facilities of Hawella Tula Sub-city was 113 (33.7%) with 95% CI (28.8, 38.9). Among these, 4 (1.2%) had severe anemia, 63 (18.8%) had mild anemia, and 46 (13.7%) had moderate anemia (Figure 1).

[image: Pie chart illustrating anemia prevalence: No-anemia at 66.3% (blue), mild anemia at 18.8% (red), moderate anemia at 13.7% (yellow), and severe anemia at 1.2% (light red).]

FIGURE 1
 The magnitude of anemia among pregnant women attending antenatal care in Hawella Tula Sub-city in Hawassa City, Ethiopia, 2021.




Factors associated with the prevalence of anemia

The maternal meal frequency, maternal DDS, maternal MUAC, and iron folic supplementation, were not candidate variables for the prevalence of anemia. The sex of the head of household, place of residence, age at first marriage, birth interval, rate of menstrual flow, history of abortion, recurrence of illness during pregnancy, and nutritional counseling were found to be candidate variables for multivariate analysis and be associated with the prevalence of anemia, with p-values <0.25. In the multivariable logistic regression, the pregnant women from male-headed households were about 2.2 times more likely to develop anemia (AOR = 2.217, 95% CI: 1.146, 4.286) as compared with female-headed households. In addition to this rural resident were about 3.8 times more likely to develop anemia (AOR = 3.805, 95% CI: 2.118, 6.838) as compared with urban dwellers. Early marriage below 18 years (AOR = 2.137, 95% CI: 1.193, 3.830) and recurrent illness during pregnancy (AOR = 3.189, 95% CI: 1.405, 7.241) were associated factors for the prevalence of anemia as compared with their counterparts (Table 4).



TABLE 4 Bivariable and multivariable logistic regression analysis model for prevalence of anemia among pregnant women in Hawella Tula Sub-city in Hawassa city, Southern Ethiopia, 2021.
[image: Table showing variables associated with anemia among 335 individuals. It includes categories such as sex of household head, place of residence, and age at first marriage, with crude odds ratios (COR), adjusted odds ratios (AOR), and p-values. Notable findings include significant associations between anemia and sex of household head, place of residence, age at first marriage, and recurrent illness during pregnancy, indicated by asterisks.]




Discussion

Anemia prevalence was reported to be 33.7% among pregnant women receiving prenatal care at health facilities. It was almost similar to research (36.6%) carried out in western Arsi (35), Ilu Aba Bora zone in southwest Ethiopia (31.5%) (33), and Arba Minch Town in southern Ethiopia (32.8%) (36), and eastern Africa (34.85%) (37). But higher other study findings were conducted in western Ethiopia (23.5%) (38), Southeast Ethiopia (27.9%) (39), Addis Ababa, Ethiopia (21.3%) (40), Azezo health center, Ethiopia (21.1%) (41) and in Gondar town (16.6%) (42). It was also lower in the study conducted in India (84.85%) (43), Nepal (48%) (44), Libya (54.6%) (45), Kenya (57%) (46), Africa (42.17%) (47), and at Bahirdar Felege-Hiwot Referral Hospital Northwestern Ethiopia (45.5%) (48). The observed discrepancy could be explained by differences in sociodemographic factors and geographical variance among research participants, which could be explained by the occurrence of food taboos during pregnancy in specific Ethiopian communities. For example, according to a study conducted in Tigray (12%) (49), and in Addis Ababa (18.2%) (50) women skipped at least one food category during their recent pregnancy. Furthermore, this variation might be attributed to the difference in methods and lifestyle between study participants (51).

Compared to female-headed households, male-headed households are linked to anemia. This outcome was consistent with the Pakistani study (52). Nevertheless, this contradicts data from eastern Africa that was obtained using a multilevel mixed-effects generalized linear model (37). One possible explanation for this discrepancy could be the mother’s workload when she enters the workforce; in particular, the amount of time spent on time-consuming home tasks like child care and breastfeeding tends to decrease (53, 54).

This study demonstrated that there is a significant association between rural resident pregnant women and anemia. Compared to urban residents, those who live in rural areas are more susceptible to anemia. This outcome was in line with the research conducted in rural Sidama (55), and Arba Minch Town, Southern Ethiopia (36), Tigray (56), and Australia (57). The higher risk of anemia among women from rural areas who come to hospitals for labor may be related to a lack of information about adequate nutrition during pregnancy, economic factors, diet differences, or the inaccessibility of healthcare services (40). To reduce severe anemia, women need to be empowered economically, play a great role in decision-making, and receive counseling services for dietary diversification (51). Poor sanitation conditions in rural areas can result in inadequate restrooms and sources of drinking water, as evidenced by consistent reports from the Lao People’s Democratic Republic (27).

This study showed that early marriage below 18 years was associated with anemia. This result was in line with the study in Bahir Dar Felege-Hiwot Referral Hospital Northwestern Ethiopia (48), India (43), and Nepal (44). This is because early marriages below 18 years might be exposed to undernutrition due to maternal demand and pregnancy (47). This could be because adolescence is a period of increased iron demands due to the growth of muscle mass and blood volume in addition to sharing with the developing fetus. Due to menstrual blood loss, young women are more vulnerable to the development of iron deficiency. This evidence has been confirmed by Ethiopian data supporting the 23.8% overall prevalence of anemia among female adolescents showed a substantial correlation between early marriage and childbearing and teenage anemia (58).

There was a strong significant association between recurrent illness during pregnancy and anemia among pregnant women. Those mothers who were infected by recurrent illness were 3.189 times more likely to develop anemia than those who were not recurrently ill during the current pregnancy. This was similar to the study result in western Ethiopia (38), and in Arba Minch Town in southern Ethiopia (36). This could be because of blood loss caused by parasite infestations, which could put women at risk of iron deficiency anemia. Studies from Durame, south Ethiopia, reinforce this evidence (56), Dessie and Yirgalem (59, 60). This may also be linked to the likelihood that environmental contamination of drinking water with parasites that cause anemia increases due to the lack of accessible restrooms, which may raise the risk of anemia (27, 61). This might be happening due to the impacts of lead poisoning in the workplace and environment related to iron metabolism (62).

The nutrition-related factors of maternal DDS, meal frequency, MUAC, and iron-folic acid supplementation during pregnancy are significantly associated variables in this study result. For example, pregnant women who did not take iron supplements during their pregnancy were more likely to develop anemia than those who did. This could be associated with an iron deficiency that occurs during pregnancy as a result of increased iron requirements to supply the mother’s growing blood volume as well as the rapidly growing fetus and placenta. The findings are comparable with studies conducted in Karnataka, India, Uganda, and Ethiopia (63–66).

Pregnant women with a low dietary variety score were more likely to develop anemia than those with an optimal dietary diversity score. This finding was validated by research conducted in Mekele Town, Hosan, and South Ethiopia (34, 67, 68). Inadequate dietary diversification can result in a shortage of micronutrients such as vitamins, minerals, and other necessary substances, which can boost iron bioavailability and modify iron levels. This could be because pregnancy requires biologically high nutrition; it is recommended to adjust one’s diet from the norm.


Study strengths and limitations

Despite this study’s attempt to provide accurate information about the study objective and confidentiality during the interview, there is a chance of recall and social desirability bias in the participants’ number of pregnancies, abortion history, and socioeconomic status. Furthermore, we used the WHO-recommended technique for developing countries, and Hgb levels were not detected using the gold standard method.




Conclusion

The magnitude of anemia among pregnant women was found 33.7%. Factors such as male head of the family, living in a rural area, being married young (before turning 18), and experiencing repeated illnesses while pregnant were found to be associated factors. Emphasis should be placed on gender roles, the proper age for marriage, and nutrition education regarding the consumption of foods high in iron during prenatal care, especially in rural communities.
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Sepsis is a life-threatening organ dysfunction syndrome caused by a dysregulated response to infection in the body. Effective treatment of sepsis poses a significant challenge in today’s clinical field. In recent years, enteral nutrition has garnered significant attention as an essential supportive therapeutic strategy. Serving as a means to provide ample nutritional support directly through the gastrointestinal tract, enteral nutrition not only addresses the nutritional depletion caused by the disease but also holds potential advantages in regulating immune function, maintaining intestinal mucosal barrier integrity, and promoting tissue repair. This article delves into the latest advancements of enteral nutrition in the treatment of sepsis, with a particular focus on its application effectiveness in clinical practice, potential mechanisms, and challenges faced. By examining relevant basic and clinical research, the aim is to provide a deeper understanding of nutritional therapy for sepsis patients and offer valuable insights for future research and clinical practice.
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1 Introduction

Sepsis is a life-threatening syndrome of organ dysfunction caused by a dysregulated host response to infection (1). It poses a significant challenge in the current clinical field. The clinical manifestations of sepsis not only include a systemic inflammatory response but May also be accompanied by multiple organ dysfunction, which necessitates appropriate clinical treatment for the patients (2). In this context, enteral nutrition has garnered increasing attention in recent years as an important supportive treatment strategy.

The importance of the gut in both physiological and pathological processes has been widely recognized. In the development of sepsis, the gut is not only a source of infection but is also considered the “engine” of multiple organ dysfunction syndrome (3). The impairment of gut barrier function and the dysregulation of the immune system make sepsis patients more susceptible to secondary infections and exacerbate systemic inflammation (4, 5). Therefore, targeting the gut has become a breakthrough in alleviating the condition of sepsis patients.

Enteral nutrition, as a means of providing adequate nutritional support directly through the gut, not only compensates for the nutritional depletion caused by the disease but also has potential advantages in regulating immune function, maintaining the gut mucosal barrier, and promoting tissue repair (6). This article will delve into the latest advancements in enteral nutrition in the treatment of sepsis, focusing on its effectiveness in clinical practice, potential mechanisms, and challenges faced. By reviewing relevant basic research and clinical trials, we aim to provide a deeper understanding of nutritional therapy for sepsis patients and offer valuable insights for future research and clinical practice.



2 Sepsis and intestinal function


2.1 Impact of sepsis on the intestine

Sepsis is a severe systemic infection, with its impact on the gut primarily involving the disruption of the intestinal mucosal barrier due to inflammation. During sepsis, the immune system’s intense response to the infection can lead to the release of inflammatory mediators, which trigger a series of adverse reactions in the intestinal mucosa (2, 7). Firstly, inflammation can increase mucosal permeability, leading to a loosening of the mucosal barrier. Under normal conditions, the intestinal mucosal barrier maintains a relatively tight structure through intercellular junctions and secreted substances to prevent the translocation of harmful substances and microorganisms. However, during sepsis, inflammation-induced changes can cause the mucosal barrier to become more permeable, allowing bacteria, toxins, and other pathogens to traverse the mucosa more easily. Secondly, the inflammatory response can increase vascular permeability, resulting in the leakage of fluids and proteins from the vasculature into the surrounding tissues. These leaked substances can exacerbate damage to the intestinal mucosal barrier and negatively impact normal digestive and absorptive functions. Finally, inflammation-induced cellular damage and cell death can lead to ulceration of the intestinal mucosa. These ulcers are a direct result of mucosal barrier disruption and provide additional entry points for pathogens. Furthermore, the ulcers can cause localized bleeding, worsening tissue damage. Overall, the impact of sepsis on the gut is primarily characterized by inflammation-induced disruption of the intestinal mucosal barrier, leading to increased permeability, fluid leakage, and ulcer formation, which severely interfere with normal gut function.



2.2 Role of the immune system

The immune system plays a crucial role in the gut of sepsis patients, with its activities primarily influenced by the inflammatory response triggered by the infection source (8, 9) (Figure 1). The immune system is essential in maintaining intestinal homeostasis, preventing pathogen invasion, and protecting the integrity of the mucosal barrier.

[image: Flowchart depicting the mechanisms of sepsis impact. It starts with systemic inflammatory response (SIRS) and release of inflammatory mediators. This leads to intestinal mucosal barrier damage and tight junction disruption. Bacterial and toxin translocation occurs, followed by immune system overactivation. This results in immune dysfunction. Key outcomes include bacteria entering the bloodstream, toxin spread, monocytes, and macrophages activation, leading to immunosuppression and increased infection risk.]

FIGURE 1
 Mechanisms of sepsis impact.


After the onset of sepsis, the immune system is activated to respond to the pathogens and toxins released by the infection source. Inflammation is a natural response of the immune system aimed at clearing harmful substances, repairing damaged tissue, and preventing the spread of infection. However, in sepsis patients, the level of inflammation can become excessively heightened, leading to collateral damage to normal tissues by the immune system. Immune cells, such as leukocytes and macrophages, are recruited to the site of infection to clear pathogens. In the gut, this can result in the release of inflammatory mediators, including cytokines and other inflammatory agents, which, when released in excess, can negatively impact the intestinal mucosal barrier. The overactivation of the immune system may increase the permeability of the mucosal barrier, making it easier for bacteria, toxins, and other harmful substances to cross the mucosa. Simultaneously, the immune attack May damage normal tissues, contributing to the formation of ulcers. Therefore, the activity of the immune system in the gut of sepsis patients, particularly the excessive degree of inflammation, can adversely affect the integrity of the mucosal barrier, thereby worsening the condition (10). When managing sepsis, balancing the immune response to mitigate excessive inflammation and prevent damage to the gut is a critical therapeutic consideration.




3 Basic principles of enteral nutrition


3.1 Definition of enteral nutrition

Enteral nutrition refers to the delivery of nutrients into the body through oral or intestinal routes to meet the body’s nutritional requirements. This approach utilizes the absorptive and metabolic capacity of the intestines to provide essential nutrients necessary for maintaining life (11).

Key concepts of enteral nutrition include:


3.1.1 Oral route

The most common form of enteral nutrition is through oral intake. This involves the consumption of various foods, beverages, or specialized nutritional supplements via the oral cavity. The oral route not only aligns with physiological habits but also provides the body with essential energy, proteins, vitamins, and minerals through the normal gastrointestinal absorption process.



3.1.2 Intestinal route

When patients are unable to consume sufficient nutrients orally, the intestinal route serves as an alternative option. This can be achieved by delivering specially formulated nutrient solutions directly into the stomach or small intestine via a gastric or jejunal tube. This method bypasses oral intake and delivers nutrients directly, suitable for certain special circumstances such as postoperative recovery, critically ill patients, or individuals with swallowing difficulties.



3.1.3 Absorption and utilization

The intestine is the primary site for nutrient absorption, where epithelial cells of the mucosa transport nutrients into the bloodstream through active and passive absorption mechanisms. Carbohydrates, fats, proteins, vitamins, minerals, and other nutrients are broken down, absorbed, and metabolized in the intestine to provide the body with energy and essential substances for maintaining physiological functions.

Providing nutrition via the enteral route contributes to maintaining the health and integrity of the intestinal mucosa and promotes normal intestinal function. This holds significant clinical significance for patients who cannot obtain sufficient nutrition through regular dietary intake, such as those undergoing postoperative recovery, experiencing malnutrition, or suffering from intestinal dysfunction.




3.2 Maintenance of intestinal mucosal barrier


3.2.1 Provision of nutritional support

The intestine plays a crucial role in maintaining immune function and mucosal integrity. Enteral nutrition delivers various nutrients, including proteins, vitamins, and minerals, via oral or intestinal routes, providing the required energy and essential components to mucosal cells. This aids in promoting mucosal cell repair and regeneration, maintaining the normal structure and function of the intestine. Through the action of enteral nutrition, infusion of specific nutrients helps alleviate organ damage caused by sepsis (12–15).



3.2.2 Anti-inflammatory effects

Certain components of enteral nutrition, such as Omega-3 fatty acids, antioxidants, glucose, and calcitriol, are known to possess anti-inflammatory properties (16–19). They can attenuate inflammatory responses through various pathways by regulating the release of inflammatory mediators, thereby reducing mucosal barrier damage (20).



3.2.3 Support of the immune system

Enteral nutrition aids in maintaining the normal function of the immune system. Adequate nutritional support enhances the immune system’s resistance to infection and mitigates the inflammatory process. Maintaining immune system balance helps prevent excessive immune responses, thereby reducing damage to the intestinal mucosa (10, 21, 22).



3.2.4 Maintenance of intestinal microbial balance

Alterations in gut microbiota influence the progression of sepsis in patients (23, 24). Enteral nutrition helps maintain intestinal microbial balance, including the quantity and types of beneficial bacteria within the intestine. Beneficial bacteria play a critical role in maintaining the integrity of the intestinal mucosal barrier and combating harmful microorganisms. By providing nutrients such as probiotics and prebiotics, enteral nutrition supports a healthy gut microbiota, preventing the overgrowth of harmful bacteria and reducing potential inflammatory factors (25).

In summary, enteral nutrition plays a vital role in maintaining the intestinal mucosal barrier and attenuating the inflammatory process by providing the necessary nutrients for mucosal health, exerting anti-inflammatory effects, supporting the immune system, and maintaining intestinal microbial balance (6). This maintenance role holds significant clinical significance for many disease states, particularly inflammatory conditions related to intestinal health.





4 Nutritional status assessment in sepsis patients


4.1 Common nutritional issues in sepsis patients


4.1.1 Protein depletion

Sepsis patients often face significant protein depletion due to intense inflammatory responses and accelerated metabolism. Proteins are utilized in sepsis for synthesis of immune cells, tissue repair, and cell proliferation among various physiological processes. Consequently, protein depletion in sepsis May lead to muscle loss, compromised immune function, and associated nutritional problems.



4.1.2 Imbalance of trace elements

Infection and inflammatory processes may lead to imbalances in trace elements within the body. For instance, elements like zinc, iron, and selenium might be utilized extensively under inflammatory conditions, potentially depleting reserves in the body. This depletion could impair immune function and disrupt cellular metabolism.



4.1.3 Abnormal energy metabolism

Sepsis patients typically exhibit heightened metabolic activity, resulting in significantly increased energy demands. Inadequate energy supply may lead to abnormal energy metabolism, resulting in weight loss, muscle wasting, and related issues.



4.1.4 Vitamin deficiency

Chronic inflammatory states may cause metabolic abnormalities in vitamins, particularly vitamins C and D. Vitamins play crucial roles in immune function and tissue repair, hence deficiencies may further impact patient recovery.



4.1.5 Fluid and electrolyte imbalance

Sepsis patients may experience significant fluid loss and electrolyte disturbances, especially during fever, vomiting, diarrhea, and other infection-induced conditions. This may lead to reduced blood volume, impaired circulatory function, and subsequently affect normal organ function.

Therefore, maintaining an appropriate nutritional status is crucial when managing sepsis patients. Individualized nutritional support plans, including adequate protein intake, supplementation of trace elements, appropriate energy provision, and balancing of vitamins and electrolytes, are essential for promoting patient recovery and mitigating the inflammatory process.




4.2 The necessity of nutritional support

Sepsis, a severe infectious disease, typically accompanies intense immune responses and systemic inflammation. In this pathological state, patients undergo a series of complex physiological changes, including heightened metabolic activity, excessive activation of the immune system, and increased demand for tissue repair. These physiological changes pose significant challenges to patients’ nutritional requirements, rendering traditional diets insufficient to meet their body’s needs. Therefore, providing specialized nutritional support is crucial for sepsis patients. Firstly, sepsis patients often face rapid protein depletion and significant loss. Proteins are critical components for tissue repair, immune responses, and cell proliferation. Hence, sepsis patients require increased protein intake to meet these additional demands (26). Secondly, energy requirements are markedly elevated during sepsis due to excessive metabolic activity and elevated body temperature. Normal diets may not provide sufficient energy; thus, specialized high-energy nutritional support, such as high-energy oral supplements or intravenous infusion via enteral routes, may be beneficial. Moreover, the loss of trace elements, vitamins, and electrolytes is another reason sepsis patients require specialized nutritional support. These substances play crucial roles in immune function, anti-inflammatory responses, and tissue repair.

In summary, due to their unique physiological status, sepsis patients require specialized nutritional support to ensure adequate intake of protein, energy, and other essential nutrients. This support facilitates recovery, alleviates inflammation, and ultimately improves patient survival and quality of life. Therefore, individualized and comprehensive nutritional support plans are indispensable components of sepsis patient management.




5 Clinical research and advancements

Recent research has deeply explored the crucial role of enteral nutrition in the treatment of sepsis, particularly regarding changes in the gut microbiota (27). In the realm of personalized nutrition, researchers are focusing on tailoring enteral nutrition regimens based on the patient’s pathophysiological conditions and metabolic needs. By analyzing the patient’s microbiome, they are proposing new approaches to adjust formulations, aiming to improve immune regulation and reduce inflammation to optimize treatment outcomes (Table 1).



TABLE 1 Beneficial nutrients in enteral nutrition for sepsis: evidence from recent studies.
[image: Table summarizing studies on nutrients and their outcomes in septic subjects. Includes Omega-3 aiding organ function, probiotics improving intestinal health, Vitamin D reducing inflammation, citrulline enhancing immunity, octanoic acid alleviating liver injury, and low-methoxyl pectin reducing diarrhea risk.]

At the molecular level, recent research has concentrated on uncovering the mechanisms by which enteral nutrition regulates immune cell activity. Studies on specific nutritional components suggest that they may modulate immune cell functions by affecting various signaling pathways and gene expression (28). For instance, enteral nutrition has been shown to significantly alleviate hypercatabolism in endotoxemic rats through the ghrelin/GHS-R1α-POMC pathway (29). Supplementation with citrulline can markedly improve B cell suppression and plasma cell differentiation in sepsis, reducing immunosuppression and secondary infections (22). Similarly, in rat models, it was found that the addition of caprylic acid to enteral nutrition, compared to enteral nutrition alone, alleviated acute liver injury and improved gut function in septic rats by activating the PPARγ/STAT-1/MyD88 pathway (13, 14). The targeted inclusion of specific nutrients in enteral nutrition therapy holds promise for modulating inflammatory responses, providing a new theoretical foundation for designing more precise immunomodulatory strategies.

Recent clinical studies have found that early enteral nutrition can improve the severity of disease in postoperative sepsis patients (30). Similarly, early enteral nutrition may offer potential benefits for sepsis patients with concomitant muscle wasting and those with circulatory shock (31, 32). It may be particularly beneficial for sepsis patients with lower lactate levels (33). For elderly sepsis patients, early administration of probiotic-enriched enteral nutrition has been shown to significantly enhance gut function, nutritional status, and prognosis (34). Dietary additions such as low-methoxy pectin can effectively reduce the risk of diarrhea and alleviate local inflammation in sepsis conditions (35). Additionally, enteral nutrition containing dietary fiber has demonstrated substantial potential in reducing sepsis-related outcomes and preventing the development of sepsis in critically ill patients (15). However, in critically ill patients requiring vasopressors, enteral nutrition should be delayed or cautiously administered if cardiac output is low and dobutamine is needed, or in cases of high SAPS II scores with multiple organ failure (36). Early moderate enteral feeding (targeting 60% of requirements) can improve gut barrier function and nutritional and inflammatory status without increasing the incidence of feeding intolerance symptoms in sepsis (37). While early enteral nutrition helps maintain gut barrier function, it may pose risks of complications such as intestinal ischemia in patients with septic shock. Recent research suggests that a “small and better” enteral nutrition strategy during the acute phase may be safer, taking into account the severity of illness, dosage of vasopressors, and nutritional needs (38).

Evaluating the effectiveness of enteral nutrition during treatment is crucial (39, 40). Concurrently, early prediction and prevention of complications related to enteral nutrition remain a clinical focus. Research has found that a higher ratio of Firmicutes to Bacteroidetes and greater microbial diversity on the first day of enteral nutrition may aid in early prediction of enteral nutrition tolerance (41). The establishment and validation of XGBoost models can be used for early prediction of enteral nutrition initiation in ICU patients (42). New predictive models based on deep learning effectively forecast enteral feeding intolerance in sepsis patients in the ICU, which can be used for stratifying the risk of enteral nutrition intolerance in sepsis patients (43). The predictive capability of norepinephrine equivalent dose (NEQ) and the mean arterial pressure (MAP)/NEQ index can distinguish earlier whether shock patients receiving vasopressors are suitable for starting enteral nutrition, thus reducing the incidence of feeding intolerance and non-occlusive mesenteric ischemia (44, 45). Studies have shown that using improved ultrasound methods to guide enteral nutrition in sepsis patients allows for faster initiation of nutritional support and better outcomes compared to traditional clinical experience (40). For septic shock patients, a comprehensive assessment based on the clinical condition is required to determine the suitability for enteral nutrition. Obese patients are more prone to enteral nutrition intolerance, and the dosage of norepinephrine is significantly associated with tolerance (46).

Recent studies indicate that early enteral nutrition may be beneficial for sepsis patients (47–52). These latest findings offer valuable insights into the role of enteral nutrition in sepsis treatment and open new avenues for personalized treatment and innovative therapies. However, further research is needed to comprehensively understand the best practices and application strategies for enteral nutrition in sepsis treatment.



6 Limitations and challenges


6.1 Potential risks


6.1.1 Risk of infection

Enteral or tube feeding may pose a risk of infection, particularly when improper procedures are followed during tube insertion or maintenance. Bacteria can enter the gastrointestinal tract through the tube, increasing the likelihood of infection. Regular monitoring of tube placement, maintaining cleanliness of the tube, and employing sterile techniques are vital measures for reducing the risk of infection.



6.1.2 Risk of hypersensitivity reactions

In certain cases, patients may develop allergies or hypersensitivity reactions to certain components of enteral nutrition. This may include adverse reactions to specific proteins, lipid emulsions, or other additives. Therefore, when devising enteral nutrition regimens, careful consideration of the patient’s allergy history and individual differences is warranted.



6.1.3 Electrolyte imbalance

Prolonged enteral nutrition can lead to electrolyte imbalances, especially in patients with intestinal absorption issues. This may involve loss or accumulation of electrolytes such as sodium, potassium, calcium, affecting the function of the cardiovascular and nervous systems.



6.1.4 Gastrointestinal complications

The insertion of gastrointestinal tubes may result in complications such as gastric perforation, tube dislocation, among others. These complications could increase patient discomfort and treatment complexity (53, 54).




6.2 Therapeutic challenges


6.2.1 Patient acceptance

Some patients may exhibit psychological or physiological aversions to enteral or tube feeding, impacting treatment adherence. Additionally, septic patients may experience symptoms like anorexia and vomiting, reducing the feasibility of oral intake or enteral nutrition.



6.2.2 Variability in nutritional requirements

The progression and treatment of sepsis can alter patients’ nutritional needs. For instance, infection and inflammation states may accelerate metabolism, increasing the demand for protein and energy. Hence, nutritional regimens need timely adjustments to meet the evolving needs of patients.



6.2.3 Impaired intestinal function

Some septic patients may suffer from impaired intestinal function, affecting the absorption of enteral nutrition. This might necessitate the selection of more easily absorbable special formulas or consideration of alternative routes of nutrition support, such as parenteral nutrition.

In conclusion, understanding and addressing the potential risks and therapeutic challenges of enteral nutrition in the treatment of sepsis are crucial for enhancing treatment efficacy. Individualized treatment plans, close monitoring, and timely adjustments are key strategies for addressing these issues.





7 Key strategies for treatment


7.1 Key strategies for enteral nutrition in sepsis patients


7.1.1 Multifaceted consideration for individualized treatment plans

When devising personalized enteral nutrition regimens, a comprehensive assessment of the patient’s physical condition, nutritional needs, metabolic status, and treatment goals is necessary. This may involve utilizing advanced nutritional assessment tools and medical techniques to ensure the accuracy and effectiveness of the plan.



7.1.2 Precision management through monitoring and adjustment

Close monitoring forms the cornerstone of successful treatment. Regular assessment of the patient’s nutritional indicators, physiological parameters, and clinical presentation aids in timely detection of issues and subsequent adjustments. This necessitates healthcare professionals to possess a high level of expertise and skills to ensure the health and safety of patients.



7.1.3 Optimization of nutritional support and immune modulation

Nutritional support should not only aim to meet energy and nutrient requirements but also focus on its role in immune function modulation. Therefore, the design of enteral nutrition regimens should consider the types, proportions, and intake levels of nutrients to maximize the normal functioning of the immune system.



7.1.4 Delicate regulation of microbial balance

The gut microbiota play a significant role in the treatment of sepsis. Hence, the formulation of enteral nutrition plans should consider the patient’s microbial characteristics and take measures to promote the growth of beneficial bacteria while inhibiting the overgrowth of pathogenic bacteria to maintain gut health.



7.1.5 Comprehensive prevention and control of complications

Various complications may accompany the treatment of sepsis, such as malnutrition, infections, and organ dysfunction. Therefore, when formulating enteral nutrition plans, it is necessary to consider various potential complication risks and implement corresponding preventive and management measures to ensure smooth treatment progress.

During the process of providing enteral nutrition to sepsis patients, interdisciplinary teamwork among healthcare professionals is crucial. Only through comprehensive and meticulous assessment and management can treatment efficacy be maximized, laying a solid foundation for patient recovery and rehabilitation.





8 Summary and outlook

In summary, enteral nutrition holds promising prospects for the treatment of sepsis, offering a novel approach to improving patient outcomes. However, further research is warranted to gain a deeper understanding of the mechanisms underlying enteral nutrition and to develop more precise therapeutic strategies. These efforts aim to maximize both the survival rates and the quality of life for septic patients.
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Background: Since the emergence of the coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), millions of lives have been lost, posing formidable challenges to healthcare systems worldwide. Our study aims to conduct a meta-analysis to evaluate the efficacy of vitamin C supplementation in reducing in-hospital mortality rates and shortening the length of ICU or hospital stays among patients diagnosed with COVID-19.
Methods: A comprehensive systematic review and meta-analysis was conducted, sourcing data from PubMed, Embase, Scopus, and the Cochrane Central Register of Controlled Trials. Our analysis focused on randomized clinical trials comparing the efficacy of vitamin C supplementation with standard care in adult COVID-19 patients.
Results: Through meticulous examination of 11 clinical trials, our meta-analysis found that vitamin C supplementation did not reduce in-hospital mortality rates in COVID-19 patients compared to those receiving standard care (Risk Ratio [RR] = 0.85; 95% Confidence Interval [CI]: 0.62–1.17; p = 0.31). Similarly, the analysis indicated no significant difference in the length of ICU stays between both cohorts. Additionally, the occurrence of other adverse events was found to be similar across both groups treated with vitamin C supplementation and standard care (all p > 0.05).
Conclusion: Vitamin C supplementation did not reduce in-hospital mortality or ICU stay durations in patients with COVID-19. The interpretation of these findings is limited by the small number of available studies and participants, which affects the strength of the conclusions.
Clinical trial registration: Identifier CRD42024497474.
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1 Introduction

The COVID-19 pandemic, declared in March 2020 by the World Health Organization, has brought unprecedented challenges, with over 200 million confirmed cases and 4.25 million fatalities globally as of November 22, 2021 (1). Despite advances in immunomodulatory and antiviral therapies, their efficacy varies, and global access remains unequal (2).

Vitamin C, previously proposed as a potential therapy for infections before the advent of COVID-19 (3), has a theoretical basis for its use in treating infections. However, clinical study results regarding vitamin C supplementation have been inconsistent. At the onset of the pandemic, the World Health Organization emphasized the potential of vitamin C as an immunomodulatory agent (4). Considering humans cannot synthesize vitamin C and many COVID-19 patients exhibit low levels, supplementation could theoretically offer benefits.

The recent increase in randomized clinical trials (RCTs) examining the impact of vitamin C on patients with COVID-19 has garnered significant attention. Earlier systematic reviews suggested that vitamin C reduced hospital mortality in patients with COVID-19 (5). However, those meta-analysis faced limitations due to its small size and inclusion of non-randomized trials. Most notably, two consecutive randomized controlled trials (RCTs) (6), the largest studies on this subject, failed to replicate the beneficial effects of vitamin C on mortality in COVID-19 patients. Amidst these uncertainties and conflicts, there is a critical need for a comprehensive assessment of the evidence to elucidate the true impact of vitamin C supplementation on outcomes in COVID-19 patients.

This meta-analysis aims to address these gaps by rigorously evaluating the existing RCTs to determine the efficacy of vitamin C supplementation in reducing in-hospital mortality rates and shortening ICU or hospital stays among COVID-19 patients. By synthesizing the available evidence, we seek to provide clarity on the role of vitamin C in the management of COVID-19 and guide future research and clinical practice.



2 Methods


2.1 Protocol and guidance

This study diligently followed the stringent guidelines set forth by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA), a universally recognized framework that promotes transparent and thorough reporting in systematic reviews and meta-analyses (7, 8). Furthermore, demonstrating our dedication to methodological precision, we proactively registered our research protocol with the International Prospective Register of Systematic Reviews (PROSPERO), receiving the unique registration number CRD42024497474. This proactive pre-registration aimed explicitly at fostering transparency, showcasing our commitment to upholding the highest standards in conducting systematic reviews and meta-analyses.



2.2 Inclusion criteria

	1. Population: Studies involving individuals aged 18 years and above diagnosed with COVID-19.
	2. Intervention: Our inclusion criteria encompassed studies evaluating the effects of vitamin C supplementation, whether administered as a standalone treatment or as part of combination therapy.
	3. Comparison intervention: Studies comparing the effects of vitamin C supplementation with standard treatment.
	4. Outcome: The primary aim of this study is to assess the influence of vitamin C supplementation on in-hospital mortality rates among patients diagnosed with COVID-19, comparing its effects against those receiving standard conventional treatment. Additionally, secondary outcomes encompass examining the impact of vitamin C supplementation on the duration of ICU or hospital stays in COVID-19 patients.
	5. Study design: We included only randomized controlled trials (RCTs).



2.3 Exclusion criteria

Non-RCT studies, including retrospective studies and crossover trials, were excluded from this review to ensure the robustness of the results and avoid potential biases such as carryover effects.



2.4 Information sources and search strategy

A thorough systematic search was executed across various databases, notably the Cochrane Central Register of Controlled Trials, PubMed, Embase and Scopus. The search encompassed articles from the inception of the databases up until December 28, 2023. Language restrictions were not applied during the search process. The complete search strategy can be found in Supplementary Table S1.



2.5 Study selection

The systematic search strategy was conducted to identify relevant articles. Two independent reviewers (WX and YL) screened the titles and abstracts of the retrieved studies. Subsequently, the selected articles were thoroughly assessed in full-text format by the same reviewers. Discrepancies or uncertainties encountered during the review process were resolved through collaborative discussion, with a third reviewer available to serve as an arbitrator if needed.



2.6 Data extraction

Two independent reviewers (WX and YL) performed data extraction from the included trials. The extraction process focused on gathering information pertaining to the study population, number of participants, mean age, and intervention details. To ensure the accuracy and reliability of the extracted data, a cross-check was conducted by a third reviewer to identify any errors or discrepancies. In instances where discrepancies arose between the two initial reviewers, a consensus was reached through a discussion among all reviewers.



2.7 Assessment of risk of bias

In the methodological assessment of the included trials, two independent reviewers (YL and WX) utilized the Cochrane Risk of Bias tool to evaluate the potential bias (9). Our analysis utilized a tool that assesses bias across seven distinct domains, assigning each trial a study-level score indicative of the risk of bias (low, high, or unclear) within each domain. Any disagreements between reviewers were addressed through detailed discussions. In instances where consensus remained elusive, a conclusive determination was made by a third author (YZ).



2.8 Confidence of evidence

Two evaluators, (YT and WX), independently appraised the quality of evidence pertaining to both primary and secondary outcomes employing the Grading of Recommendation, Assessment, Development, and Evaluation (GRADE) framework. Subsequently, they classified the gathered evidence into four distinct tiers: high, moderate, low, or very low. This classification was grounded on an array of factors, including the design of the study, the risk of bias, variability in outcomes, the accuracy of the data, and the relevance of the trials reviewed.



2.9 Data analysis

Statistical evaluations were carried out utilizing RevMan software (version 5.3), furnished by The Cochrane Collaboration. For outcomes measured in a binary manner, we calculated the relative risk (RR) accompanied by 95% confidence intervals (CI) (10). A p-value below 0.05 was considered statistically significant, and the I2 test was employed to quantify the proportion of total variability attributable to heterogeneity, providing a measure of the degree of heterogeneity. This helps us ascertain whether the studies are sufficiently homogeneous to justify pooling their results. Random-effects models were applied in cases where I2 exceeded 50%, indicating substantial heterogeneity, whereas fixed-effects models were employed when I2 was below 50%, to enhance the reliability of the findings. By adopting these rigorous statistical methods and principles, we aimed to provide a comprehensive and robust analysis of the available data. The potential for small study effects was qualitatively evaluated through the visual inspection of the funnel plot. Additionally, quantitative analysis was conducted using the Egger test, Peters test, and Harbord test. This comprehensive approach allowed for a thorough evaluation of any potential bias caused by small study effects.



2.10 Subgroup analysis

Subgroup analysis was conducted to assess the in-hospital mortality among critically ill patients. The analysis aimed to investigate potential differences in outcomes across various sub-groups.



2.11 Sensitivity analysis

We conducted a sensitivity analysis using the following methods: (1) Excluding studies with high or unknown risk of bias; (2) excluding trials with a weight less than 10%.



2.12 Trial sequential analysis

To reduce the risk of type I error, we performed a trial sequential analysis (TSA 0.9Beta), combining the estimated information size with a revised significance threshold. This approach aimed to maintain a 5% type I error risk and attain an 80% statistical power, using a two-sided trial sequential analysis.




3 Results


3.1 Included studies and study characteristics

The initial search strategy yielded 4,118 records. After removing duplicate entries, we were left with 3,298 unique records. These records were then carefully assessed through the examination of their titles, abstracts, and full texts. Through this thorough evaluation process, we identified 11 trials that satisfied the detailed criteria established for this systematic review. Please refer to Figure 1 for a visual representation of this process.

[image: Flowchart showing the identification and screening process of studies via databases and registers. Initial records identified total 4,118 from PubMed, Embase, Cochrane, and Scopus. After removing 820 duplicates, 3,298 records were screened. 3,260 were excluded, leaving 38 full-text articles assessed for eligibility. Reports excluded for not being RCTs were 13, and those not reporting outcomes were 14. Eleven studies were included in the review.]

FIGURE 1
 Search strategy and final included and excluded studies.


Table 1 provides an overview of the trial characteristics considered in this study. The identified trials were published between 2020 and 2023, featuring sample sizes that varied from 20 to 2,591 patients.



TABLE 1 Characteristics of included studies.
[image: A table listing various studies on vitamin treatments, detailing study author, country, number of patients, average age, percentage male, treatments in intervention, and control groups. Countries include Iran, the United States, Pakistan, Canada, and China. Treatments vary, with many involving different forms of vitamin C administration compared to standard care, placebos, or other specified therapies. Data for age and male percentage are sometimes not reported.]



3.2 Risk-of-bias assessments

Risk-of-bias assessments are detailed in Supplementary Figures S1, S2. Among the evaluated trials, five were found to have a low risk of bias, three presented an unclear risk, and three exhibited a high risk. The quality of evidence for the primary outcome, as appraised using the GRADE methodology, ranged from moderate to high, as shown in Table 2.



TABLE 2 Summary of findings and strength of evidence.
[image: Table showing outcomes of a study comparing Vitamin-C and control groups. The primary outcome, in-hospital mortality, had 3,244 patients across 10 trials with a relative risk (RR) of 0.85 (95% CI: 0.62, 1.17), showing a moderate quality of evidence. Absolute effect estimates were 538 for Vitamin-C and 386 for control, with a difference of −27 (−67, 30). Secondary outcomes involved intensive care unit and hospital length of stay, with mean differences (MD) of 0.86 and −0.54, respectively. Quality of evidence was moderate for intensive care unit stay due to inconsistency and imprecision, and high for hospital stay.]



3.3 Outcomes

This meta-analysis revealed that the overall in-hospital mortality rate was comparable between COVID-19 patients supplemented with vitamin C and those undergoing standard treatment (RR = 0.85; 95% CI: 0.62–1.17) (Figure 2). Furthermore, the trial sequential analysis of mortality indicated a significant shortfall in reaching the required information size (Figure 2). In light of the conducted sensitivity analysis, our findings remain robust, underscoring the reliability of our results (Supplementary Table S2). Moreover, according to the results of the symmetric funnel plot analysis, it is apparent that the funnel plot exhibited asymmetry, thereby underscoring the imperative for quantitative analysis (Supplementary Figure S3).

[image: Panel A shows a forest plot from multiple studies comparing vitamin C with a control. It includes risk ratios and confidence intervals, with a pooled risk ratio of 0.85. Panel B displays a trial sequential analysis graph with cumulative Z-scores against the number of patients, illustrating significance thresholds and confidence boundaries.]

FIGURE 2
 Forest plots of in-hospital mortality among COVID-19 patients with and without vitamin C supplementation and trial sequential analysis. (A) Forest plot for in-hospital mortality among COVID-19 patients with and without vitamin C. (B) Trial sequential analysis for in-hospital mortality among COVID-19 patients with and without vitamin C.


Subgroup analysis, specifically targeting mortality outcomes among critically ill patients, was conducted. However, this analysis did not reveal any statistically significant differences across any of the outcomes or sub-groups examined (Supplementary Figure S4).

Patients supplemented with vitamin C did not exhibit a prolonged ICU stay (OR = 0.86; 95% CI: −0.54 to 2.25; p = 0.23) or hospital stay (OR = −0.54; 95% CI: −3.10 to 2.01; p = 0.68) (Figure 3), with a comparable duration to those undergoing standard treatment.

[image: Forest plot showing meta-analysis results comparing Vitamin-C with control across multiple studies. Panel A includes studies by Darban, Siahkali, and Zhang in 2021, showing a total mean difference of 0.86 with a 95% confidence interval (CI) of -0.54 to 2.25. Panel B includes studies by Hakamifard, Kumari, Siahkali, Tehrani, and Zhang from 2020 to 2022, with a total mean difference of -0.54 and a 95% CI of -3.10 to 2.01. Heterogeneity measures are provided for both panels. Plots display individual and pooled effects.]

FIGURE 3
 Forest plots for secondary outcomes. (A) Forest plot of Intensive Care Unit Length of stay among COVID-19 patients with and without vitamin C supplementation. (B) Forest plot of hospital length of stay among COVID-19 patients with and without vitamin C supplementation.





4 Discussion

In our meta-analysis of 11 RCTs (6, 11–20), we found that vitamin C supplementation did not reduce in-hospital mortality among COVID-19 patients.

This finding contrasted with earlier meta-analyses and systematic reviews (5, 21). Kow et al. suggested a survival benefit for vitamin C in patients with severe COVID-19, and Olczak-Prucet al. found a reduction in hospital mortality due to vitamin C use. These studies, however, acknowledged the limitations of their evidence, including small sample sizes and methodological challenges. Our analysis incorporates a recent large-scale trial, significantly increasing our patient sample size and enhancing the statistical power of our findings. This inclusion challenges earlier suggestions of vitamin C reducing COVID-19 hospital mortality and advises healthcare providers and policymakers to consider our more comprehensive evidence.

Our review’s strengths lie in its rigorous approach, including a thorough evidence search, adherence to a predefined protocol, and meticulous quality assessment by multiple reviewers. By focusing exclusively on RCTs, we have elevated the quality of evidence, reinforcing the reliability of our conclusions.

This study is subject to several limitations. First, the number of included studies and the overall available data were limited, which affects the robustness and generalizability of the findings. Additionally, there was considerable variability in both the dosage and duration of vitamin C treatment across the trials, as well as evolving standards of COVID-19 care, which may have introduced potential biases. The data available for conducting subgroup analyses, particularly regarding comorbidities such as obesity, diabetes, hypertension, and kidney disease, were also insufficient. Furthermore, challenges related to participant engagement and data collection during the pandemic posed additional difficulties in the interpretation of the results.



5 Conclusion

This meta-analysis challenges the efficacy of vitamin C supplementation in decreasing in-hospital mortality among COVID-19 patients. Emerging data suggest a neutral impact on mortality rates and ICU durations, highlighting the evolving landscape of COVID-19 treatment research. However, the limited availability of published data that could be integrated into the meta-analysis impacts the strength of our conclusions. As such, further large-scale randomized controlled trials are essential to provide more definitive evidence and guide future clinical protocols.
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Nutrition may affect animal health due to the strong link between them. Also, diets improve the healing process in various disease states. Cancer is a disease, where the harmful consequences of tumors severely impair the body. The information regarding the evolution of this disease is extrapolated from human to animal because there are few specific studies regarding nutritional needs in animals with cancer. Thus, this paper aims to review the literature regarding the immunomodulatory effects of vitamins in mammal cancer. An adequate understanding of the metabolism and requirements of nutrients for mammals is essential to ensuring their optimal growth, development, and health, regardless of their food sources. According to these: 1) Some species are highly dependent on vitamin D from food, so special attention must be paid to this aspect. Calcitriol/VDR signaling can activate pro-apoptotic proteins and suppress anti-apoptotic ones. 2) Nitric oxide (NO) production is modulated by vitamin E through inhibiting transcription nuclear factor kappa B (NF-κB) activation. 3) Thiamine supplementation could be responsible for the stimulation of tumor cell proliferation, survival, and resistance to chemotherapy. 4) Also, it was found that the treatment with NO-Cbl in dogs is a viable anti-cancer therapy that capitalizes on the tumor-specific properties of the vitamin B12 receptor. Therefore, diets should contain the appropriate class of compounds in adequate proportions. Also, the limitations of this paper are that some vitamins are intensively studied and at the same time regarding others, there is a lack of information, especially in animals. Therefore, some subsections are longer and more heavily debated than others.
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1 Introduction

Nutrition, dietary habits, and health are strongly correlated, therefore obtaining an adequate amount of particular nutrients from diet is important. Although the type and quantity of nutrients ingested are closely related to both immune system function and metabolic state, improper nutrient consumption is causally associated with the development of the most important diseases (1). Diet can cause disease in animals and humans, but it can also support the healing process in various disease states.

A special case is cancer, in which the damaging effects of tumors weaken the body. In cancer patients, malnutrition is a prevalent issue that affects 20% to 80% of patients with this disease (2). Unfortunately, malnutrition, including its most severe form, cachexia, is a daily occurrence in hematology and oncology problems. It is caused by the tumor’s effect on the host’s metabolism and the use of increasingly potent cancer treatments. The main impact is a higher probability of complications after long-term radiation therapy, chemotherapy, and/or surgery. Additionally, a serious decline in body status, a significant alteration in the quality of life, and depression that accompanies the patient are all associated with malnutrition (3). Anorexia, often described in both humans as well as companion animals during cancer therapy, is associated with low nutrient intake and can result from either stress, severe pain, or problems in the gastrointestinal (GI) tract (i.e. vomiting as an adverse effect of anti-cancer drugs in dogs and cats). The central nervous system is primarily responsible for modulating the balance of energy, and there is evidence from both human and animal models that changes in this system have a key role in cancer (4). In support of this theory, it was shown that anorexic human cancer patients demonstrated different hypothalamus activity from those without anorexia using functional magnetic resonance imaging (5).

Consequently, it is best to concentrate nutritional approaches to treatment on recognizing the variables and symptoms related to these solid malignancies (6). A decrease in dietary intake is one factor contributing to malnutrition from cancer. Thus, anorexia is linked to inadequate dietary intake and can exacerbate the side effects of cancer treatments. It is commonly characterized by changes in taste, loss of appetite, and feelings of depression. In addition, Tumor necrosis factor- α (TNF α), interleukin (IL)-1, and IL-6 are examples of inflammatory mediators that are released during malnutrition associated with cancer and can control hunger and the body’s absorption of nutrients. Management of this syndrome may extend survival durations and enhance the quality of life for patients diagnosed with related ailments if weight loss/cachexia affects survival.

Regarding animals, inappetence is one of the primary clinical indicators that most veterinary oncologists (98%) cite as being important for classifying canine lymphoma patients as being in substage b, which is linked to a worse clinical prognosis (the median decrease in appetite required to classify the patient as substage b in this survey was approximately 40%) (7). In the case of cats, anorexia may appear within one to two days or may last for a long time. As the frequency of hypoxic or anorexic episodes increase, the concerns about the cat’s nutritional status are increased.

The hypothalamus is the main organ responsible for controlling hunger for mammals (Figure 1). Two neuronal subpopulations present modifications in activity due to signals from the periphery, which includes the pancreas, adipose tissue, and the gastrointestinal tract (8).
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Figure 1 | Signals from the peripheral, which includes the gastrointestinal system, adipose tissue, and the pancreas, cause differences in the activity of two subpopulations of neurons. 1. Anorexigenic neurons in the ventromedial hypothalamus activate a satiety center; 2. Orexigenic neurons, found in the lateral hypothalamus, promote appetite. Insulin from the pancreas, peptide tyrosine (PYY) from the small intestine, leptin from adipose tissue, and ghrelin from the stomach bind to receptors on orexigenic and/or anorexigenic neurons in the nuclei of the hypothalamus. LH, the lateral hypothalamus; PVN, the paraventricular hypothalamus; VMH, the ventromedial hypothalamus; ARC, the arcuate nucleus of the hypothalamus; (+), stimulation (–), inhibition.

One of these populations is represented by appetite-suppressing neurons, which function in these ways: 1. Anorexigenic (appetite-suppressing) neurons activate a satiety center in the ventromedial hypothalamus; 2. Many neurons signal the consequences of eating less and metabolizing more on muscle, adipose tissue, liver, and other tissues; 3. Positive effects are attributed to circulating insulin and leptin. 4. Anorexigenic and orexigenic neurons communicate with each other.

The second population is represented by neurons that stimulate appetite, orexigenic neurons: 1. Trigger the lateral hypothalamic hunger center; 2. show the consequences of eating excess simultaneously with a decrease of metabolization, on muscle, adipose tissue, liver, and other tissues; 3. Favorably impacted by ghrelin, which is mostly produced in the stomach fundus’s oxyntic glands; 4. Insulin, leptin, and circulating peptide YY have a negative effect; 5. Anorexigenic and orexigenic neurons communicate with one another (9, 10) (Figure 1).

As previously mentioned, ghrelin is the only known mediator that has a stimulatory effect on orexigenic neurons, whereas many other peripheral signals negatively influence appetite. Ghrelin is therefore thought to be the primary regulator of feeding behavior start, hunger stimulation, and subsequent food intake (10). Growth hormone-releasing peptide 6 (GHRP-6) was discovered to promote the release of growth hormone (GH) from the pituitary gland through a new receptor (GH secretagogue receptor 1a (GHS-R1a), leading to the discovery of ghrelin receptor agonists (GRAs) in the late 1980s. The hypothalamus, pituitary gland, bone, heart, lung, liver, kidney, pancreas, and immune cells have all been shown to express this receptor (9). These discoveries finally resulted in a family of oral small compounds known as GH secretagogues (GHS) or GRAs, which induced the pituitary gland to release growth hormones. It was eventually shown that the natural ligand of GHS-R1a is endogenous ghrelin. GRAs have been shown to have several physiological effects, including stimulation of appetite, GH release from the pituitary gland that leads to an increase in growth factor 1 (IGF-1) via the liver, an increase in muscle mass, stimulation of bone formation, improvement of gastrointestinal motility, and anti-inflammatory properties.

The interest in using ghrelin to regulate appetite and the substantial therapeutic problem that inappetence in dogs and cats present made using GRAs for appetite stimulation a logical choice. Important hypothalamic regions linked to feeding behavior, the arcuate and ventromedial nuclei, are locations where GHS-R1a is expressed in humans and other mammals (11). The function of ghrelin in regulating preprandial appetite and the starting point of meal intake has been clarified by studies conducted in various mammals (12). Exogenous ghrelin treatment enhanced the daily food intake of healthy beagle dogs. Research in dogs (13), and cats (14) has demonstrated that ghrelin levels are elevated during fasting and lowered with food consumption. The study of GRAs in cancer anorexia-cachexia syndrome is interesting due to their propensity to stimulate hunger, the increase in IGF-1 observed with GRAs, and the role of IGF-1 in maintaining or hypertrophying muscle mass in dogs (15). A GRA called anamorelin has been investigated for treating cancer-related cachexia in individuals with non-small cell lung cancer (NSCLC) (16).

As mentioned before, nutrition is important in cancer, therefore anticancer diets now include additional essential nutrients conform to the studies on cancer in humans (17) and other mammals. These are represented by vitamin D, certain amino acids and widely used supplements like garlic and turmeric (18–20).

Strategies centered on nutrition for reducing the growth of tumors remain uncertain, especially when it comes to carbs. It was discovered more than 60 years ago that tumor cells had a unique capacity to display reduced rates of respiration, which typically cause the death of healthy cells, together with increased glycolysis and pentose phosphate cycle activity (20). The free uptake of glucose by cells, the reduction of cellular mitochondria, leading to anaerobic metabolism for energy to generate lactate in place of pyruvate, and the nutritional concerns for cachexic, frail, sarcopenic pet detoxification of intracellular oxidants are reported to contribute to these tumor cell survival mechanisms (18). As a result of all these, diet guidelines for mammals with cancer suggest limiting their consumption of digestible carbohydrates (Figure 2).
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Figure 2 | Signaling pathways associated with cancer cell metabolism. A subset of mRNAs considered to stimulate cell growth and proliferation are specifically controlled from being translated by mTORC1, which also regulates the activity of the translational machinery. AAs, amino-acids; G6P, Glucose-6-phosphate, 3-PG, 3-phosphoglycerate, ATP, adenosine 5´-triphosphate, MTORC1, mTOR complex, regulatory-associated protein of mTOR; α-KG, α-ketoglutarate.

Therefore, nutrients have an essential role in the defense function of mammals. The most used nutritional strategy regardless of whether the animals are omnivores or carnivores is the reduction of carbohydrates. The hypothalamus controls all the mechanisms of hunger and satiety in mammals, irrespective of whether they are omnivores or carnivores. It is considered that there is a lack of specialized literature regarding the nutritional requirements in animals with cancer and that most of the information is extrapolated from humans to animals. The absence of specialized literature refers to the lack of biochemical and signaling knowledge mechanisms regarding the immunomodulatory effects in mammals, except for a few species used in laboratory studies. Thus, this paper aims to review the literature regarding the immunomodulatory effects of vitamins in mammal cancer (particularly humans and domestic animals). The limitations of this paper are that some vitamins are intensively studied and at the same time regarding others, there is a lack of information, especially in animals. Therefore, some subsections are longer and more heavily debated than others. Also, we would like this review to build the foundations for a complex guide regarding the diet for humans and animals with cancer. However, in this case, it is necessary to first focus on the typical nutritional requirements of the species. This means that the information collected in the article below on the positive or negative contribution of individual nutrients to anticancer therapy in mammals should always be tailored to their species’ requirements.

With particular attention to the most common neoplasia, we identified the key scientific words by analyzing several studies published over the last two decades regarding the association between diet and cancer incidence. We excluded studies that, despite being methodologically sound, did not report significant relationships. For each included study, we highlighted the main benefits of the diet in terms of reducing cellular mutation and slowing the progression and spread of the identified pathology. In this framework, an extensive search of the literature was carried out beginning with the scientific and governmental data platforms. The search included the following terms: animal cancer, clinical nutrition, recommendations, survival, cachexia, sarcopenia, malnutrition, and nutritional therapy. Selected sources included English-language guidelines, clinical trials, and observational studies. When applicable, this article included references to seminal articles in the field, even if they were published after the search period.




2 The absorption of fat-soluble vitamins in cancer

The body uses vitamins for a wide range of purposes. It can distinguish between two types of vitamins: fat-soluble and water-soluble. In the body, fat-soluble vitamins are transported like lipids and are crucial components of cell membranes. In contrast, water-soluble vitamins are typically coenzymes in metabolic processes that involve the transfer of chemical groups and electrons (21). Vitamins A, D, E, and K are presented below.

Adequate dietary intake, bile acid secretion, micelle production, and adequate duodenal pH in the presence of pancreatic lipase are necessary for the absorption of dietary fat and fat-soluble vitamins (22). The dietary fat-soluble vitamins A, D, E, and K are passively diffused over the brush border after being solubilized in mixed micelles. Vitamin deficiencies can also arise from fat malabsorption due to insufficient bile salts (e.g., bile duct obstruction), lymphangiectasia, or severe villus atrophy. Since vitamin K has small body stores and can cause vitamin K-dependent coagulation factor deficits, especially in cats, this is most significant therapeutically for this vitamin. Retinol, or vitamin A, is consumed either as an ester that needs to be metabolized by pancreatic esterases or as a dimer (beta-carotene) (23). Beta-carotene is taken up immediately from micelles, whereas retinol is insoluble and needs to be attached by a binding protein before absorption. Mixed micelles are the source of vitamin D absorption. It is crucial for maintaining calcium homeostasis, regulating the intestinal absorption of calcium, and modulating renal excretion. Passive diffusion is the method by which vitamin E (α-tocopherol) permeates the lymphatic system from mixed micelles. The intestinal flora synthesizes vitamin K2, while food sources produce vitamin K1. The ileum and colon are likely locations where vitamin K2 is absorbed. Prolonged use of antibiotics can cause a shortage in vitamin K in addition to a bile salt deficit (23).




3 Immunomodulatory effects of fat-soluble vitamins in cancer



3.1 Vitamin A

It is essential to understand that there are three different forms of vitamin A: retinol, retinoic acid (RA), and retinal. Through the function of nuclear retinoic acid receptors, all-trans retinoic acid, 9-cis retinoic acid, or other metabolites, vitamin A plays an essential role in controlling innate and cell-mediated immunity and antibody response (24). Vitamin A has been found to promote Th1 and Th2 cell growth and differentiation. Consequently, through the inhibition of IL-12 and IFNγ, which are produced by Th1 cells, vitamin A may activate the Th2 anti-inflammatory response (25) (Table 1). Likewise, there is data in specific studies that indicate vitamin A correlates significantly with both mitogen-induced pro-inflammatory cytokine (IFN-γ) and anti-inflammatory cytokine (IL-10) (26).

Table 1 | Fat-soluble vitamin immunomodulatory effects in animal cancer.
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Retinol-binding protein 4 (RBP4), vitamin A, and vitamin E are the main subjects of modern obesity research. It has been suggested that RBP4 is an adipokine that connects fat and cancer. Abdominal fat, liver, tumor tissue, and plasma all showed elevated RBP4 levels. Through its direct influence on cancer cells, increased endothelial dysfunction, and impairment of blood arteries within the tumor, RBP4 increases the metastatic potential of breast cancer tumors (27). Few data observed how body weight (BW) growth affects fat-soluble vitamins and related parameters in horses. For 20 months, an excessive energy diet was fed to ten adult gelding Shetland ponies and nine adult Warmblood horses, all of which were healthy and non-obese. The goal was to increase BW. Without changing for ponies and horses, the retinol/RBP4 ratio elevated with BW gain. The increase in the retinol/RBP4 ratio was surprising and requires more explanation when compared to human studies (28).

RBP4 can induce NF-κB, and TNF-α is known to enhance invasion and metastasis by triggering NF-κB signaling, with its expression being higher in 4T1 tumors than in 67NR tumors (29, 30) (Table 1). In addition, a study indicates that RBP4 and NF-κB could function in tandem to enhance the tumor’s ability to propagate and metastasize. The finding that NF-κB controls the expression of vascular endothelial growth factor (VEGF) thus contributing to tumor angiogenesis can give support to the possible involvement of NF-κB signaling in the mechanism of the effects of RBP4. Increased expression of RBP4 led to elevated levels of VEGF in tumor tissue from 67NR/RBP4, but this effect was not observed in the cell culture of these cells (31). In the following, vitamin D will be presented.




3.2 Vitamin D

Once vitamin D connects to its receptors (VDR), a complex of vitamin D-VDR is formed. This complex can help build a heterodimer compound with the nuclear retinoid X receptor (RXR) or a homodimer with another VDR. Furthermore, the nuclear function can be observed once heterodimers with steroid hormone receptors are formed (32). When vitamin D is attached to VDR or RXR, it can pass through the nuclear membrane, attach to a response element, and stimulate the production of its responsive genes to start a particular gene regulation action (33). A significant quantity of calcium and vitamin D are present in dairy products, and laboratory data suggests that they could decrease the development of breast cancer. On the other hand, conflicting findings resulted from epidemiologic research on dairy products and breast cancer. Nonetheless, both human and animal studies have provided supporting evidence for this theory (34). Vitamin D has been associated with preventing breast cancer in several animal studies. According to research by Jacobson et al. (35), rats given diets deficient in calcium and vitamin D suffered a significant rise in the occurrence of breast tumors following exposure to the carcinogen 7,12-dimethylbenzanthracene (DMBA) compared to rats provided diets with enough calcium and vitamin D (Table 1). In chemical carcinogenesis models of breast cancer, it has also been demonstrated that synthetic vitamin D analogs increase tumor latency and decrease tumor incidence and recurrence (36). Additionally, tamoxifen’s ability to stop mammary tumors was significantly increased by the vitamin D analog 1,25-dihydroxy-16-ene-23-yne-26,27-hexafluorochole-calciferol, demonstrating that vitamin D and antiestrogenic compounds may protect against breast cancer through different pathways (37).

Unlike humans, sheep, cattle, horses, pigs, rats, and other mammals, dogs and cats cannot produce vitamin D in their skin by sunlight (38). These species are very dependent on vitamin D from food, so special attention must be paid to this aspect. Given that dogs are carnivores and cats are strict carnivores, this can be explained by the evolutionary adaption of these animals to consume other creatures as prey. If the liver is regularly supplied with vitamin D, these prey animals typically do not suffer from insufficiency because the liver stores vitamin D. Therefore, dogs and cats can rely on their vitamin D reserves if they do not consume prey for an extended period. Since vitamin D is a fat-soluble vitamin, the body can store it (39).

The body responds to calcitriol in a pleiotropic way via the VDR receptor, a transcription factor that is a part of the nuclear hormone receptor family. Compared to 25(OH)D, this metabolite can bind to it far more readily (40). Since it was shown that VDR was expressed by a variety of cell types from human and canine tissues, including malignant cells, the non-skeletal roles of vitamin D have been extensively investigated (41). It has been demonstrated that calcitriol/VDR in cancer cells activates cyclin-dependent kinase inhibitors, inhibits mitogenic growth factors (Epidermal growth factor (EGF) EGF, Insulin-like growth factor I (IGF-1), and increases transforming growth factor beta (TGF-β) activity, which stops cell proliferation and the growth of cancer (Table 1). It is expressed in the majority of cancerous tissues. Additionally, pro-apoptotic proteins can be activated and anti-apoptotic proteins can be suppressed by calcitriol/VDR signaling, which may also reduce tumor-associated inflammation by suppressing the cyclooxygenase-2, prostaglandin, and NF-kB pathways. Consequently, all previous mechanisms cooperate to suppress the growth of tumors (42).




3.3 Vitamin E

Another fat-soluble vitamin with strong antioxidant and antitumoral effects is vitamin E. Eight specific molecules, namely α-, β-, γ-, and δ-tocopherols and their corresponding four tocotrienols, are commonly referred to as vitamins E (43). The most widely used and efficient form of these is α-tocopherol, which is acknowledged as a significant antioxidant that destroys free radicals and protects biological components from harmful oxidative alterations and lipid peroxyl radicals (44). Vitamin E inhibits the amplification of free radical reactions as an antioxidant that breaks down chains (45). As an inhibitor of peroxyl radicals, the vitamin particularly protects polyunsaturated fatty acids found in human plasma lipoproteins and membrane phospholipids (46). Vitamin E levels in plasma influence tissues. Sebum contains a large amount of vitamin E, which is constantly released into the skin’s outer layers (47). Due to oxidative stress’s role in the development of cancer, α-T’s ability to prevent cancer has been thoroughly researched. A higher cancer risk has been associated with reduced VE intake or nutritional status. Certain intervention studies have shown that treating with α-T has a favorable effect on minimizing cancer risk when VE deficiency is present. The focus of more recent research has been on tocotrienols and tocopherols in their γ- and δ-forms (T3). These variants have a significantly lower systemic bioavailability than α-T, yet numerous studies using animal models and cell lines have demonstrated better cancer-preventive actions. In general, γ-T3 and δ-T3 showed greater activity than γ-T and δ-T (48). By blocking the activation of transcription nuclear factor kappa B (NF-κB), which is linked to the production of the nitric oxide NO synthase gene, vitamin E influences the generation of nitric oxide (NO) (49) (Table 1). Numerous studies have demonstrated the anti-inflammatory properties of VE, which act on severalenzymes connected to inflammatory reactions, including protein phosphatase and protein kinase C.

Furthermore, treatment with VE in dogs caused the reduction of IL-1β, a cytokine that has the potential to cause atherosclerosis, as well as a suppression of monocyte-endothelial cell adhesion, an essential component of the atherogenic process (50). Low-density lipoprotein oxidation is lowered and decreased coronary heart disease risk has been linked to VE use (51, 52). A fat-soluble vitamin known for its role in coagulation will be presented in the next paragraph. This is vitamin K.




3.4 Vitamin K

Natural vitamin K exists in two forms: vitamin K1 and vitamin K2. While vitamin K2 is used to activate numerous extra-hepatic proteins that are more dependent on vitamin K2 than K1, the other is more specific for hepatic activating blood clotting factors. Vitamin K has been demonstrated to have positive effects on the immune system in various diseases, particularly cancer and inflammatory diseases (53). The anti-inflammatory effect of vitamin K occurs by inhibiting the release of cytokines, such as IL6, and the nuclear factor kappa B (NF-κB) activity (54) (Table 1).

Most studies on vitamin K have used animals, especially rodents, to investigate its physiology and pathology. Though vitamin K plays the same role in animals as it does in humans, there are some fields, like animal nutrition, where more knowledge of what animals need generally and as they age, may be helpful in their health and well-being (55). In addition to its well-known physiological role, vitamin K has been shown in vitro experiments to suppress the proliferation of multiple cancer cell lines (56). While menadione (vitamin K3) is a created version of vitamin K, phylloquinone (vitamin K1) and menaquinones (vitamin K2, MK-n) are found naturally in food (57). Vitamin K has been demonstrated to have anticarcinogenic effects in a number of cell investigations (58–62) as well as a few in vivo studies (63, 64). K3, which has potent growth inhibitory effects via oxidative stress in many kinds of cancer cell lines, was used in the majority of these experimental investigations (60, 65). Proto-oncogenes like c-myc or c-fos, which promote cell cycle arrest and death, can induce anticancer effects (63). It has been proven that K2 exhibits anticarcinogenic properties in a variety of cancer cell lines, such as those from the breast, colorectum, liver, and stomach (58, 66).

The findings revealed inverse relationships between the total incidence and mortality of cancer and the dietary intake of menaquinones. Genomic databases indicate that in certain types of cancer (pancreatic and breast), vitamin K can exert oncogenic actions via the increase of γ-carboxylated protein synthesis (67) (Table 1). Therefore, in these types of cancer vitamin K may be contraindicated. Under stressful circumstances, the consumption of dietary supplements containing vitamins E, C, and β-carotene may help prevent imbalances by preventing the generation of free radicals, which in effect increases the normal damage associated with oxidative stress (68).

Vitamin K in the aberrant form known as PIVKA-II is elevated in certain neoplastic illnesses and human coagulation dysfunctions. PIVKA-II concentrations in plasma and tissues can be helpful in veterinary medicine to identify patients with coagulative diseases, but its potential as a marker for hepatocellular carcinoma has not been studied. PIVKA-II acts as a retroactive test to evaluate vitamin K levels (69). This feature has been extensively researched in human medicine, leading to the discovery that elevated PIVKA-II serum concentrations are suggestive of specific neoplastic illnesses, including HCC, and coagulative pathologies (70). In contrast to what has been seen in human HCC, some studies reveal the PIVKA-II unhelpful as a diagnostic or prognostic marker in canine HCC, according to the Maniscalco et al. (71), study, which is restricted to the cohort of cases that were examined (Table 1).





4 The absorption of water-soluble vitamins

In different species, water-soluble vitamins B and C are absorbed through a combination of active and facilitated transport (e.g., thiamine [B1]), saturable facilitated transport (e.g., riboflavin [B2]), and passive diffusion (e.g., pyridoxine [B6] and C). However, the mechanisms in cats and dogs remain unknown. The more intricate and significant clinical mechanisms of folic acid and vitamin B12 absorption may aid in identifying the kind and location of intestinal illness. Although most commercial foods include sufficient amounts of folic acid, the intestinal flora also produces it. The absorption of folate, also known as pteroyl mono glutamate, occurs through passive diffusion at high amounts and through a carrier-mediated mechanism at low luminal concentrations. The methylation of folate in the cell produces methyl tetrahydrofolate after absorption. In the ileum, vitamin B12, or cobalamin, is absorbed through receptor-mediated endocytosis. However, this process is intricate to separate potentially hazardous analogs from intact cobalamin. R proteins (haptocorrins), nonspecific binding proteins of salivary and gastric origin, attach cobalamin after it is released from food in the stomach. Cobalamin has a strong affinity for R proteins at acidic pH levels. In contrast R proteins bind cobalamin less avidly and undergo proteolysis when they come into exposure to the more alkaline environment of the small intestine (SI) (72). In the ileum, cobalamin is thus transported to the intrinsic factor, another binding protein, which facilitates cobalamin absorption. In dogs, the stomach and pancreas, and in cats, only the pancreas, are the source of intrinsic factor. After passing through the ileum, cobalamin complexes associated with intrinsic factors attach to certain receptors and are endocytosed. The protein transcobalamin 2 binds to cobalamin, allowing it to enter tissues and be reexpelled in bile once it has entered the portal circulation (73).




5 Immunomodulatory effects of water-soluble vitamins in cancer

A class of chemical compounds known as water-soluble vitamins are needed by bodies in low quantities to avoid health problems. In recent years, researchers have gained significant insights into the physiological, metabolic, and nutritional functions of water-soluble vitamins. Inadequate effects on a health state can be the result of specific vitamin deficiencies. In most cases, they are usually caused by a poor diet (74).



5.1 Vitamin C

The first vitamin presented is C vitamin. Ascorbic acid, also known as vitamin C, is an organic substance formed from glucose molecules known as lactone, which is a gluonic acid. In the bloodstream, it is the most prevalent water-soluble antioxidant. Leukocytes, salivary glands, the pancreas, kidney, small intestine, brain, lymph nodes, lungs, testicles, and spleen are just a few of the tissues and organs that contain it (75). The two major biological forms of vitamin C are its oxidized form (dehydroascorbic acid) and its reduced form (ascorbic acid). Due to its general qualities or its function as a pro-oxidant in high concentration, vitamin C has been connected with the prevention, progression, and treatment of cancer (76).

Certain transporters, like sodium-dependent vitamin C transporters, and glucose transporters are responsible for transporting the reduced form into the cells. Glutathione oxidizes it to dehydroascorbic acid, which is then reduced back to ascorbic acid. As an antioxidant, vitamin C combats free radicals and contributes to the production of carnitine as well as type I and type II collagen (77). The livers of the majority of mammals naturally synthesize vitamin C from glucose and galactose. Acid reduction is critical to the health of mitochondria, which require antioxidant systems to neutralize oxidative phosphorylation, as mitochondrial DNA is more susceptible to oxidative damage than nucleus DNA. Under oxidative stress, vitamin C gives protection (77) (Table 2).

Table 2 | Water-soluble vitamin immunomodulatory effects in animal cancer.
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In summary, research on the connection between vitamin C and cancer is ongoing. Differences in results are due to a combination of factors including ascorbic acid-related concerns (doses, administration routes, plasmatic levels, metabolites recording, and source), cancer characteristics (specific mutations present, type and grade of cancer, received conventional anti-cancer therapy), and individual characteristics (diet, behaviors, genetics, transporters). This connects the recording of doses to an active anti-cancer mechanism and makes them effective (76).

Vitamin C improved older horses’ antibody response to vaccinations, particularly in animals with Cushing’s syndrome or pituitary dysfunction. Encourage recovery and eliminate blockages in the airways. Vitamin C can counteract the consequences of long-term alterations that can generate free radicals, even though these effects have been shown to inhibit the production of antioxidant defense, lower proteolytic activity, and encourage the buildup of oxidized proteins (78, 79). The next paragraph underlines the essential roles in the immunomodulation of B vitamins.

It has recently been demonstrated that a variety of B vitamins, all of which are generated by the microbiota to some extent, are essential for the immuno-regulatory activity of the gut microflora.

For instance, nicotinic acid, or vitamin B3, sometimes referred to as niacin, is known to have anti-inflammatory properties that help prevent colon cancer in rats (80). Clinical experiments using nicotinamide (NAM), a derivative of vitamin B3, provided evidence in favor of the hypothesis that vitamin B3 mediates efficient chemoprevention against non-melanoma skin cancer (81). Recent research analyzed the methods by which NAM may prevent the development and start of luminal B breast cancer in mice, demonstrating that NAM activates T and NK cells involved in immuno-surveillance (82). Notably, gemcitabine and anthracycline-based immunogenic chemotherapy are particularly beneficial when used in conjunction with NAM in preclinical models of pancreatic and breast carcinoma (83).




5.2 Vitamin B1

The first vitamin presented is Vitamin B1 (Thiamine). In mammals, thiamine, often known as vitamin B1, is a water-soluble vitamin that is crucial for a healthy diet. As a nutrient that is frequently deficient in ruminants, thiamine has received a lot of attention. This is mainly because the rumen bacteria inactivate the vitamin, causing distinctive cerebrocortical necrosis and neurologic symptoms (84). It plays a vital role as a cofactor in the metabolism of carbohydrates, the synthesis of nucleotides and nicotinamide adenine dinucleotide (NAD), and the nervous system when it takes the form of thiamine diphosphate (TDP). Thiamine is involved in a number of important biochemical processes that occur in the body, including the pentose phosphate pathway and the TCA cycle, which are processes involved in the metabolism of carbohydrates. Additional forms of thiamine contain thiamine that has one or three phosphate groups (thiamine monophosphate and triphosphate, respectively) and remains unphosphorylated (free). Thiamine works as a co-enzyme for complexes including enzymes essential for intracellular glucose metabolism, such as transketolase, pyruvate dehydrogenase (PDH), and α-ketoglutarate dehydrogenase. Moreover, thiamine controls the expression of genes that produce the cofactor thiamine-using enzymes. Transketolase, PDH, and mRNA levels are decreased by thiamine deprivation (85). Thiamine and thiamine diphosphate (TDP) concentrations are reduced by 20% in cancer patients’ blood, transketolase activity is reduced by 20%, and the TDP impact is reduced by 5–42% (86) (Table 2).

Since dogs and cats cannot synthesize thiamine, they must consume thiamine through food. As per the dietary needs established by the National Research Council (NRC), cats need between two and four times the daily amount of thiamine compared to dogs (27, 87).

There is debate regarding thiamine’s involvement in cancer. The high rate of tumor cell survival, growth, and resistance to chemotherapy may be caused by thiamine supplementation (88) (Table 2). Additionally, thiamine’s effects on prostaglandins, reactive oxygen species, cyclooxygenase-2, matrix metalloproteinases, and nitric oxide synthase have been linked to cancer (89). Nevertheless, some research has indicated that thiamine might have some anticancer properties. In a case-control study, higher intakes of vitamin C, beta-carotene, thiamine, and nicotinic acid were also linked to a lower risk of stomach cancer (90). Moreover, leukocytes and blood plasma from acute leukemia patients showed reduced thiamine levels (91). Patients with breast and bronchial carcinomas had significant levels of thiamine excretion in their urine and the thiamine pyrophosphate (TPP) stimulating action, indicating a possible thiamine deficit in these individuals (92).




5.3 Vitamin B2

As expected in this paragraph Vitamin B2 is presented. Also, known as riboflavin (RF), is an essential component of two primary coenzymes: flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). These coenzymes are crucial components of intracellular biochemistry and play key roles in energy production, cellular function, development, and metabolism (93). Remarkably, in both animal models and cell investigations, RF deprivation has been linked to the prevention of tumor growth (94) (Table 2). Research revealed that high-dose riboflavin supplementation was important in inducing cancer cells to proliferate, invade, and migrate (95, 96). There is insufficient data associating riboflavin with the prevention or cancer treatment, and research results are ambiguous (95, 97). Also, findings from observational studies on the relationship between riboflavin consumption and the risk of CRC were contradictory. Total riboflavin intake from foods and supplements has been associated with a decreased risk of colorectal cancer, according to a few cohort studies and meta-analyses (97, 98) (Table 2). Additionally, there are inconclusive results from case-control studies (99–101), as well as individual cohort studies (102, 103). Regarding CRC in different patients, a directly proportional link between the serum RF amount and the risk of malignancy was found. After controlling for several variables, including sex, age, history of polyps, medical conditions, medications, BMI, and another CRC-related nutritional status, the association between riboflavin and CRC risk remained and showed a dose-response link (104).

In a dose-dependent manner, vitamins B2, B6 (pyridoxine), and B9 (folic acid) inhibit the proliferation and migration of U937 cells. Only a smaller number of cells develop under standard culture conditions when either vitamin B2, B6, or B9 is present. The cells generated in these settings are healthy and alive. The synthesis of energy, antioxidant defense, and homocysteine metabolism are all correlated with vitamin B2. A lack of vitamin B2 is linked to anemia, neurotoxicity, growth retardation, and potentially some types of cancer (105). Indeed, it has recently been demonstrated that riboflavin lack increases cell proliferation and decreases cell viability in HepG2 cells (106).

In addition, during pregnancy and lactation, the mammary gland substantially induces the multidrug transporter breast cancer resistance protein (BCRP/ABCG2). It has been shown that riboflavin, or vitamin B2, is pumped into milk by BCRP, providing this vital ingredient to the development. Riboflavin was secreted in milk at a rate that was >60 times lower in Bcrp1−/− mice than in wild-type mice. Nonetheless, in experiments, Bcrp1−/− pups did not exhibit riboflavin shortage because of concurrent milk secretion of flavin adenine dinucleotide, which is its cofactor (107).

In animals, pigs with RF deficiencies have decreased growth performance and less appetite. In extreme circumstances, it may result in piglets’ mortality and cause the swine farm to suffer significant financial consequences (108). Since most plant diets are deficient in RF, piglets’ meals usually require to be supplemented with RF (108).

Diet composition changes play an important part in the maturation of gastrointestinal function during weaning. Currently, dietary modifications have been linked to both qualitative and quantitative changes in the gastrointestinal system in animal studies. When the riboflavin lack was corrected, some of the early morphologic and cell motility alterations in the gastrointestinal tract were observed in weanling rats given a riboflavin-deficient diet until weaning was irreversible (109, 110). As is expected, the next vitamin with an essential role in cancer metabolism is Niacin.




5.4 Vitamin B3

Niacin, Vitamin B3, water-soluble and resistant to light and oxidation, is a vitamin that may be found in both acidic and alkaline environments. The precursor of nicotinamide adenine dinucleotide phosphate (NADP) and nicotinamide adenine dinucleotide (NAD) is niacin or vitamin B3. In addition to being essential for energy metabolism, good digestion, and the preservation of a healthy neurological system, niacin also supports good skin. Changes in NAD+ activities can impact tissue function since it is a necessary cofactor for several mitochondrial redox processes and can therefore interfere with mitochondrial homeostasis. The expression of genes controlling muscle mitochondrial biogenesis, muscle mass growth, and muscle regeneration in mice is favorably correlated with the mRNA levels of NAD+ biosynthesis-related genes giving validity to this theory. Sarcopenia and mitochondrial myopathy are two examples of muscle illnesses for which NAD+ has been identified in recent animal and human research as a pathological characteristic (111) (Table 2). Niacin and tryptophan metabolism are closely associated. If dietary tryptophan is sufficient and niacin levels are low, niacin can also be produced from tryptophan.

Animals, particularly cats cannot convert the amino acid tryptophan into niacin, whereas dogs can. For this reason, cats need niacin in their diet more often than dogs do (112). Niacin (100 mg/day in dogs) may also lower hypertriglyceridemia by decreasing the production of VLDL and the release of fatty acids from adipocytes (113, 114) (Table 2). Erythema, pruritus, abnormal liver function test results, vomiting, and diarrhea are potential niacin side effects. The use of niacin in dogs and cats is limited due to these side effects and the absence of strong evidence of benefit. Horses fed a diet high in protein could require more niacin. Via mitochondrial malfunction and ROS activation caused by bifurcating metabolic pathways (reverse electron transport and lipid metabolism), nicotinamide therapy promotes cancer cell death in TNBC in humans and mice (115) (Table 2).




5.5 Vitamin B5

In this subsection it is discussed about the vitamin B5 (Pantothenic acid).The majority of foods include pantothenic acid, or vitamin B5, which is created by the gut bacteria and is a precursor to coenzyme A (CoA). According to a recent study in mice, vitamin B5 and CoA promote the differentiation of CD8 + cytotoxic T cells into Tc22 cells that generate interleukin-22 (IL-22), most likely by enhancing mitochondrial metabolism (116) (Table 2). More frequently acyl-CoA derivatives, which act as “activated” fatty acids to take part in intracellular fatty acid transport and lipid biosynthesis, and CoA can be conjugated to acetate to form acetyl-CoA thioester, which is crucial in the connection of amino acid catabolism, glycolysis, and fatty acid metabolism (117, 118). It has recently been demonstrated that a variety of B vitamins, all of which are generated by the microbiota to some extent, are essential for the immune-regulatory activity of the gut microflora.

First of all, elevated amounts of vitamin B5 may simply be the result of a balanced diet and microbiota, necessary for a general state of health or “fitness” that encourages effective defenses against infections or cancerous cells (119). Additionally, the dietary fiber component inulin is effectively converted into vitamin B5 by the fecal microbiota (120), and dietary fiber abundance improves the response to immunotherapy in patients with melanoma (121).

A family of proteins expressed by vanin genes has provided more information on the function of pantothenic acid. CoA catabolism produces pantetheine, which vanins, also called pantetheinases, work with to produce pantothenate and cysteamine, the latter of which increases inflammation (122). Mice without vanin-1 showed tolerance for apoptotic oxidative tissue damage due to paraquot or γ-irradiation (123). Additionally, these mice diminished chemically generated inflammation in colitis models (124). Vanin-1 activity is thought to counteract PPARγ, as evidenced by the anti-inflammatory phenotypes of vanin-1-deficient mice that PPARγ inhibitors inhibited (124).

In the context of cancer immunotherapy, a relative investigation supported the notion of vitamin B5-mediated immunostimulatory effects. The authors initially assessed the metabolic characteristics pathways of different effector CD8+ T cell subpopulations, that can be identified based on their cytokine profile. Thus, they can be Tc1 (producing interferon-γ and interleukin [IL]-2), Tc17 (producing IL-17), and Tc22 (producing IL-2 and IL-22), in order to characterize the role of antitumor T cells in immunotherapy (125). The development of Tc22 cells, which are highly effective anticancer effects, requires a metabolic remodeling process toward oxidative phosphorylation and, consequently, mitochondrial ATP synthesis. Using mouse Tc1, Tc17, and Tc22 T cells that had received in vitro differentiation, mass spectrometric metabolomic investigations were conducted to identify the metabolic causes of Tc22 polarization.

These investigations showed that Tc22 cells have high vitamin B5 and CoA levels (125). Additionally, the in vitro differentiation of Tc22 in the presence of exogenous CoA led to increased oxidative phosphorylation, the production of reactive oxygen species (ROS) by the mitochondria, higher levels of cellular ATP, and an increase in the production of IL-2 and IL-22. This was achieved through the incorporation of glucose-derived 13C into tricyclic acid cycle (TCA) metabolites (126). The activation of two transcription factors, aryl hydrocarbon receptor (AhR, which is sensitive to ROS) and hypoxia-inducible factor (HIF)-1α, which is responsive to the TCA metabolites succinate, were associated with an increase in IL-22 production. Crucially, tumor antigen-specific T lymphocytes demonstrated improved tumor growth-reducing capacities when stimulated in vitro with CoA and subsequently injected into transgenic mice expressing this antigen in pancreatic islet tumors (125).

Compared to a healthy control group, dogs with cancer exhibited lower levels of biotin and 25-hydroxycholecalciferol, but higher levels of retinyl palmitate, ascorbic acid, thiamine pyrophosphate, and flavin mononucleotide. There was no difference in the levels of retinol, retinyl stearate, alpha-tocopherol, riboflavin, flavin, adenine dinucleotide, pyridoxal-5′-phosphate, cobalamin, folate, and pantothenate between dogs in good condition and those in sickness (127). The next subsection presents the immunomodulatory effects of Pyridoxine.




5.6 Vitamin B6 (Pyridoxine)

Pyridoxine hydrochloride and pyridoxal-5-phosphate an essential components for hormones, proteins, and neurotransmitters—chemicals that transmit messages between nerve cells. In the body’s cells, vitamin B6 functions as a coenzyme in more pathways, including transamination, which is the process of adding nitrogen to a fatty acid to generate an amino acid, and decarboxylation, which is the reaction of removing a carbon atom in to reduce an amino acid chain (128).

According to Komatsu et al. (129), vitamin B6 intake significantly reduced the growth of colon cancer-causing azoxymethane-induced cells in mice. To sustain one-carbon metabolism and the growth of tumor cells, pancreatic ductal adenocarcinoma (PDAC) cells actively consume VB6, depriving the tumor microenvironment of VB6. On the other hand, VB6 is necessary for the intracellular breakdown of glycogen, which is a vital source of energy for the activation of natural killer (NK) cells. When one-carbon metabolism is blocked along with VB6 supplementation, the tumor burden is significantly reduced in vivo (130) (Table 2). The incidence of CRC was inversely associated with vitamin B6 intake and blood PLP levels (131). According to Ames and Wakimoto (132), PLP has been suggested to impact carcinogenesis via a variety of mechanisms, including those involving DNA metabolism. This suggests that vitamin VB6’s anticancer characteristics may partly result from its ability to prevent DNA damage. Moreover, diabetes and VB6 have been related. Whether low PLP levels are a cause, a consequence, or both of diabetes is unclear, though. According to some research, low PLP levels may be a contributing factor in the development of diabetes, whereas other studies demonstrate that diabetes lowers PLP levels. There is growing information that individuals with diabetes are more likely to develop several forms of cancer, and numerous studies have correlated insufficient vitamin B6 intake to an increased risk of cancer (133) (Table 2). Due to prevalent risks, both cancer and diabetes are connected. A growing amount of research indicates that individuals with diabetes mellitus are more likely to develop cancer due to a variety of unclear causes, involving impairment to their DNA (134, 135). Hyperglycemia is responsible for cell proliferation and oxidative stress because too much glucose via multiple paths stimulates the production of reactive oxygen species (ROS), which damages DNA and other cells (136). Furthermore, decreased protection against antioxidants along with insufficient repair of DNA in diabetes cells increases DNA damage (137). Both type 1 and type 2 diabetes patients are frequently observed to have DNA strand breaks and oxidative damage (138, 139).

Despite the abundance of human studies in this area, very little research exists on the B6 status of household animals, including cats. Because of their high protein needs, cats have a higher requirement for vitamin B6 (pyridoxine).Twelve studies (eight original research publications) covering the period from 1959 to 1998 have examined cats’ vitamin B6 levels. In cats, vitamin B6 deficiency causes microcytic hypochromic anemia with high serum iron, convulsions, kidney lesions, failure to grow, emaciation, convulsions, anemia, oxalate nephrocalcinosis, ataxia, and, if left on the diet, seizures, and death, according to the first three studies conducted in the late 50s and early 60s (140). Five studies covering the years 1989 to 1998 were published, separated by over 28 years. A lack of vitamin B6 in growing kittens resulted in decreased food intake, pyridoxal phosphate, pyridoxal, hemoglobin, and hematocrit in plasma, along with higher levels of renal oxalate, blood tyrosine, and blood cystathionine (141).

Additionally, aberrant histology, specifically active tubular degeneration and oxalate deposition, was observed in growing kittens that were deficient in vitamin B6 (142). Growing kittens’ dietary protein concentrations, like in people, mice, and chickens, affected their B6 requirements. For example, kittens fed a 30% casein diet needed 1-2 mg of pyridoxine/kg food, but those fed a 60% casein diet needed > 2 mg (143). The discovery that vitamin B6 deficiency in cats impacted brainstem auditory evoked potentials. It connected extended inter-wave intervals to decreased axonal conduction velocity due to faulty myelination offered a fresh extension of previous observations (144).

In a study, 41 dogs with non-Hodgkin’s lymphoma were randomly assigned to receive oral pyridoxine or a placebo dailywhile receiving Doxil chemotherapy in a double-blind method. Although pyridoxine did not erase palmar-plantar erythrodysesthesia (PPES), it did so later and less drastically than in dogs given a placebo. This led to fewer treatment delays or changes, which allowed for a higher cumulative dosage of Doxil to be administered. Dogs treated with pyridoxine obtained a median cumulative dose of 4.7 mg/kg (mean, 4.1 mg/kg) compared to the 5.0 mg/kg cumulative goal dose, while dogs treated with placebo received a median of 2.75 mg/kg (mean, 2.9 mg/kg; P). In this canine model, it was found that pyridoxine is useful in postponing the onset and severity of PPES (145).




5.7 Vitamin B7

In this subsection Vitamin B7 (Biotin) is presented.Although biotin can be found in many foods that are included in a typical diet, it usually appears in a form that is bonded to proteins and cannot be readily utilized by cells. The pancreatic enzyme biotinidase releases peptide- or lysine-bound (biotinyl-lysine) biotin, which is then taken up by various transporters and absorbed into cells (146). Once within the cell, biotin becomes covalently attached to the biotin carboxyl carrier protein (BCCP), which functions as a prosthetic group for several carboxylases/decarboxylases that control the production of fatty acids, gluconeogenesis, lipogenesis, and the degradation of valine and isovalerate in addition to other branched-chain amino acids. Since it has been shown that deficiency affects the expression of different genes in the liver, including NO-like actions that raise cGMP through elevated guanylate cyclase, biotin exerts a secondary role in controlling gene expression (147).

In the gut microbiome, bacteria produce biotin via two main pathways. In the first, malonyl-acyl carrier protein (ACP) is transformed to malonyl-ACP methyl ester, which is then further converted to pimeloyl-ACP methyl ester. Pimeloyl-ACP methyl ester can also be directly produced as a substrate. A third process converts pimelate into pimeloyl-CoA by using it as a substrate. Biotin is subsequently generated through the combination of these pathways in a four-step process (148).

Increased inflammation is linked to a deficit in biotin (149). Neurodegenerative illnesses are linked to oxidative stress, cell death, and dysfunctional mitochondria. Biotin treatment reduced oxygen free radicals and apoptosis while partially restoring mitochondrial activity in myelin-producing oligodendrocytes (150). When exposed to LPS, monocyte-derived DCs grown in a medium lacking in biotin generated higher levels of inflammatory cytokines (149). BMI was found to be negatively linked with serum biotin levels, inflammation, and hypertriglyceridemia in a study involving monozygotic twins who were discordant for BMI (151). The absence of biotin affects the expression of transcription factors like NF-κB and SP1/3, indicating that biotin regulates immunological phenomena via mechanisms besides carboxylation and decarboxylation (152) (Table 2). Even though biotin’s molecular targets have been thoroughly investigated, little is now known about how biotin functions in immune modulation and cancer prevention.

Multiple studies demonstrate tumor cells that overexpress biotin-selective transporters as potential beneficial absorbers of biotin or biotin-conjugates. In these conditions, a biotin component is likely an appropriate choice for target delivery, biosensing, and live-cell imaging (153). Biotin has been used as a conjugation for a variety of targeted imaging, sensing, and delivery applications both in vitro and in vivo because of its strong affinity for BRs. It has been shown that biotin’s affinity for BR is unaffected by chemical changes made to its carboxylic acid group (154).

Since proliferating cancer cells have many receptors for biotin, also known as vitamin B7, vitamin H, and coenzyme R, which are critical for the uptake of vitamins, biotin has been connected to the semi-synthetic analog docetaxel (DTX). It has recently been demonstrated that in many cancer cell lines, including leukemia (L1210FR), ovarian (Ov2008, ID8), colon (Colo-26), mastocytoma (P815), lung (M109), renal (RENCA, RD0995), and breast (4T1, JC, MMT06056) cancer cell lines, biotin receptors are overexpressed more than folate and/or vitamin B-12 receptors (155, 156).

Among the taxanes used to treat various malignancies is DTX (157). Furthermore, in order to achieve anticancer drug delivery, well-established mesoporous silica nanoparticles (MSNs) have been selected as carriers of the named metallodrugs. To enable the selective release of essential drugs inside tumors, chitosan (CTS) coupled with biotin, a pH-sensitive additive, is attached to MSNs (158). Also, biotin is involved in breast cancer therapy. The most common treatment for breast cancer is radiotherapy (RT), yet due to the minimal variation in how normal tissues and tumors react to ionizing radiation, RT has severe adverse effects. In this way, an UiO-66-NH2@AuNS core-shell nanoparticle was created. After that, the solid gold shell was scratched into solid AuNS (HAuNS), and to create HAuNS@PEG-bio, it was further altered using biotin-PEG-SH (PEG-bio). The near-infrared II (NIR-II) area photothermal therapy (PTT) performance of HAuNS@PEG-bio is demonstrated to be effective, and the elevation of temperature at the tumor site stimulates blood circulation to mitigate the hypoxia within the tumor microenvironment (TME) (159).

Chemotherapy and extended antibiotic therapy were administered to a female dog who had a sticker tumor and recurrent cystitis. After a few months of treatment, lesions with hyperkeratosis, skin thickness, bleeding fissures, and inflammation occurred across the nasal area and palmar and plantar regions. During the patient’s 60-day treatment, which included 15 mg of oral biotin supplementation (1.4 mg kg-1 of body weight) once daily, the patient’s skin lesions significantly improved. According to these findings, intestinal biotin production may not be sufficient in some conditions, especially those requiring extended antibiotic therapy, necessitating oral supplementation (160). In the following paragraph, vitamin B9 is presented.




5.8 Vitamin B9 (Folate)

Dark-green leafy vegetables and legumes are among the foods that contain folate, an important water-soluble B vitamin. The synthetic version of folic acid is found in fortified foods including cereals and grains, as well as supplements. While folic acid is readily accessible in its oxidized pteroylmonoglutamate form, dietary folate is present in a reduced state with polyglutamate side chains that require oxidation and hydrolysis for absorption (161).

Folate has been thoroughly investigated as a potential pathway for the development of cancer because of its involvement in one-carbon metabolism. In the methionine pathway, folate in the form of 5-methyltetrahydrofolate (5-MTHF) and cobalamin are necessary for the conversion of homocysteine to methionine. S-adenosylmethionine (SAM) is produced from methionine (162). SAM is a major methyl donor to numerous bodily processes, such as the methylation of DNA and RNA (162). Reduced methylation of CpG islands in DNA, which affects gene transcription and modifies the expression of proto-oncogenes and tumor suppressor genes, may result from insufficient SAM synthesis (163). Moreover, low folate levels can hinder the conversion of dUMP (deoxyuridine monophosphate) into dTMP (deoxythymidine monophosphate), which is an essential nucleic acid for DNA synthesis and repair. Mistaken uracil substitution for thymidine can eventually result in strand breakage, unstable DNA, and defective DNA repair (163).

Certain immunological functions have been demonstrated to suffer from folate deprivation. Cell proliferation is promoted when CD8+ T lymphocytes are treated with phytohaemagglutinin and IL-2. However, stimulation was suppressed without folic acid. This activity did not affect CD4+ T cells (164). In primary human lymphocytes, folate deprivation decreased cell proliferation and increased apoptosis, cell cycle arrest, and DNA strand damage (165) (Table 2). Some research found that compared to aged corresponding controls, newly diagnosed cancer patients had mean levels of homocysteine significantly higher and vitamin B9 levels significantly lower. This suggests that low folate and high homocysteine may be linked to lung cancer, although more research is needed to confirm these findings (166). High levels of homocysteine could have a consequence on the methylation of specific genes that regulate the initiation and progression of breast cancer, according to a different study on the disease. As a result of increased homocysteine concentrations, the breast cancer cell lines MCF-7 and MDA-MB-231 revealed epigenetic modulations of BRACA1 and RASS-F1 (167). Although elevated levels of the enzyme PDXK, which helps in the conversion of pyridoxine, the precursor to vitamin B6, into pyridoxal-5′-phosphate, the bioactive form of vitamin B6, have also been related to an increased risk of colorectal cancer developed plasma homocysteine levels have been linked as well with an increased risk of non-small cell lung carcinoma (168, 169).

Deficits in B vitamins can raise homocysteine levels, which can then cause DNA damage, oxidative stress, and a persistent inflammatory state that can modify epigenetics and cause cancer (170). Certain B vitamins, such as vitamin B6, have been shown to function as antioxidant nutrients and, as such, to prevent inflammation and the advancement of cancer (171). Circulating blood cells called monocytes can develop into dendritic or macrophage cells at specific tissue locations. Specialized antigen-presenting cells, such as macrophages and dendritic cells, process, present, and release cytokines to T cells (172). A kind of cancer known as histiocytic lymphoma is an aggressive non-Hodgkin’s lymphoma that develops from immune system cells, primarily from monocyte pro-monocytic blast origin.

Divergent results from research on animals suggest that the impact of folate on neoplasia varies depending on the animal and tumor model, the kind, time, amount, and duration of the carcinogen application, the stage of carcinogenesis, and the amount and type of folate given. The relationship between folate and cancer of the cervix, colorectum, lung, esophagus, and brain has been studied epidemiologically. The results indicate that low folate concentration may be a significant factor early in the neoplastic process. More relevant is the possibility of suppressing precursor lesions in the cervix and colorectum, specifically adenomatous polyps and cervical intraepithelial neoplasia. Methotrexate suppresses the function of folate by reducing the intracellular synthesis of tetrahydrofolates from dihydrofolates. It is a chemotherapeutic drug used for the treatment of acute lymphocytic leukemia and choriocarcinoma, among other neoplasms. Shklar and coworkers (173) examined the effects of methotrexate on hamster buccal pouch carcinomas generated by 9,10-dimethyl-l,2-benzanthracene and found that the methotrexate-treated group reported tumors that were larger and more anaplastic and that they progressed more quickly than the control group. In a different study, the impact of methotrexate was evaluated in a Swiss mouse skin tumor model methylcholanthrene (MCA). The incidence of papillomas was 74% in animals fed the control diet and 96% in mice fed a diet supplemented with methotrexate six weeks before, during, and after MCA treatment. Nevertheless, tumor development was limited to 36% of mice that received methotrexate just one week before, during, and following MCA treatment. Hence, methotrexate may have an anticancer or cocarcinogenic impact, depending on when and how long it is used (174).

However, experimental data indicates that a lack of folate could have beneficial effects on cancer while taking folate supplements could accelerate the development or growth of malignancies. For instance, Baggott and colleagues (175) gave rats meals containing varying amounts of folic acid (0, 2, or 40 mg/kg diet) or folinic acid (20 mg/kg diet). Following the start of their diets, rats were administered methylnitrosourea to cause breast cancer and followed by full diets with 2 mg/kg of folic acid immediately. The frequency of tumors did not change substantially among the groups. Nevertheless, the folate-supplemented groups had a greater rate of mammary malignancies per tumor-bearing animal, and these cancers manifested earlier (175). In the next paragraph it will present vitamin B10.




5.9 Vitamin B10

The chemical molecule para-aminobenzoic acid (PABA) is also referred to the name vitamin B10 (or vitamin Bx). The nutrient PABA is necessary for many mammal diseases but unnecessary for the human body, and its derivatives have demonstrated various biological actions. The chemical PABA is non-toxic and readily absorbed in the intestine, and its derivatives exhibit a wide range of biological activity (176). It’s thought that PABA scaffold-containing medications are well tolerated (177). PABA is an essential and unique vitamin belonging to group B that is required to synthesize folic acid (178).

According to Maki and Takeda (179), bacteria, yeast, and plants all produce this vitamin. PABA is necessary for the production of folic acid. PABA is well-known for its function in triggering the production of interferon, which has an antiviral impact, in humans (180). While radiation did not affect melanocytes, PABA increased (by 50%) the growth-inhibitory effects of radiation on B16F10 cells. While applied to B16F10 and 4T1 tumors in vivo, PABA increased (by 50–80%) the anticancer effect of radiation. PABA and radiation treatment together accelerated the death of tumor cells. After PABA was added to tumor cells, CDC25A expression increased while p21CIP1 levels fell. PABA could be an agent that increases the anticancer activity of ionizing radiation through a process that involves changes in the expression of proteins that control cell cycle arrest (181) (Table 2). PABA and its derivatives have been used as an anti-reactive oxygen species as active ingredients in sunscreens to provide UVB protection (182). Additionally, PABA showed strong anticoagulant and beneficial agent effects (180, 183). Diagnostic tests for gastrointestinal tract conditions based on PABA (para-aminobenzoic acid) are now available (184). Skin conditions such as scleroderma, dermatomyositis, and Peyronie’s disease are the primary conditions treated with potassium 4-aminobenzoate (185).

Cancer is analyzed as being the second most prevalent reason for death, behind cardiovascular diseases (186). Because they have fewer side effects and are more selective for malignant cells, targeted chemotherapeutical drugs are preferable to standard ones (187). Conventional anti-folates such as aminopterin, pralatrexate, methotrexate (MTX), and pemetrexed (PMX) are the most prevalent types of DHFR inhibitors. The three major components that make up the chemical structure of the MTX model are the p-amino benzoic acid, glutamic acid, and pteridine nucleus (188). As anti-inflammatory, anti-diabetic, antibacterial, and antioxidant chemicals, certain 1,2,4-triazoloquinazolines have been reported to be beneficial (189).

A particular substrate for pancreatic chymotrypsin, the synthetic peptide N-benzoyl-L-tyrosyl-p-aminobenzoic acid (BT-PABA), has been used to measure exocrine pancreatic insufficiency in dogs through oral administration. The next step was testing for PABA in the plasma or urine, which could distinguish between control animals and those suffering from exocrine pancreatic insufficiency (EPI) without affecting the outcome when the xylose absorption test was combined with pancreatic function. Possible interference with the peptide test’s specificity for diagnosing EPI was investigated in six small intestinal disease-afflicted dogs. These results indicate that modest intestinal anomalies do not significantly impact PABA absorption to compromise the peptide test’s specificity in identifying severe EPI in dogs. On rare occasions, small intestinal illness may be the secondary cause of this deficiency (190). In the next subsection is presented vitamin B12.




5.10 Vitamin B12

The vitamin B complex also includes vitamin B12. This group of eight vitamins helps with everything from maintaining maximum cognitive performance to converting the carbs consumption into the energy that may utilized (191). Vitamin B12, commonly referred to as cobalamin, supports several vital cellular functions. These consist of the synthesis of DNA; the production of healthy red blood cells (192); the growth and functioning of the central nervous system; and the activity of enzymes (193) (Table 2). It has been shown that a B12 absence increases the misincorporation of uracil, which restricts DNA synthesis and causes genomic instability. The hypomethylation of DNA, a marker of early carcinogenesis, is another effect of the B12 lack.

In light of the restricted treatment options for canine tumors, companion animal testing for new drugs could lead to the discovery of more effective treatments for oncology in both veterinary and human medicine. Four dogs with spontaneous cancer were used to test the anti-tumor effects of nitrosylcobalamin (NO-Cbl), a vitamin B12-based carrier of nitric oxide (NO) that induces apoptosis. (a) A 13-year-old female sterilized Giant Schnauzer suffering from hypercalcemia and incurable thyroid cancer. (b) A male Golden Retriever, 6 years old, has been sterilized and had a malignant peripheral nerve sheath tumor (MPNST). (c) Anal sac adenocarcinoma (AGACA) in a ten-year-old male Bichon Frise that has been sterilized. (d) A seven-year-old female Labrador endured partial surgical resection for spinal meningioma. The results were: a) After receiving daily NO-Cbl treatment for 10 weeks, the tumor volume in the Giant Schnauzer showed a 77% reduction. (b) After receiving daily NO-Cbl therapy for 15 months, the tumor volume in the Golden Retriever showed a 53% reduction. (c) After 15 months of treatment, the Bichon Frise showed a 43% shrinkage of the main tumor and a 90% regression of an iliac lymph node. The dog’s condition is now stable after 61 months, with normal liver enzymes, a CBC investigation, and no signs of poisoning. (d) After receiving treatment for six months, the Labrador showed a total reduction of the remaining tumor. According to the scientists’ conclusion, using NO-Cbl is a promising anti-cancer therapy that takes advantage of the vitamin B12 receptor’s tumor-specific characteristics (194) (Table 2). In what follows, vitamin B13 will be presented.




5.11 Vitamin B13

In mammals, orotate (OA) or vitamin B13 is released from the mitochondrial dihydroorotate dehydrogenase (DHODH) and converted to UMP by the cytoplasmic UMP synthase enzyme. OA is well-known as a precursor in the production of pyrimidines. OA is also a common dietary component and can be found in dairy products and milk. It is mostly used by the liver, kidney, and erythrocytes in the pyrimidine salvage pathway when it is converted to uridine. Nutritional studies designated orotate as “vitamin B13” and its application in body-building and metabolic syndrome support has been promoted by its combination with metal ions or organic cations (195). Orotic acid (OA) is an insignificant component of diets and is an intermediate molecule of pyrimidine nucleotide production. Urinary orotic acid testing helps verify the diagnosis of genetic metabolic disorders. Furthermore, understanding how this metabolite’s physiology level changes in connection to other aspects of clinical normalcy may be interesting (196).

According to recent research, magnesium orotate, a combination of magnesium and orotic acid, can be used as an adjuvant treatment for type 2 diabetes, hypertension, congestive heart failure, and post-operative cardiac conditions. Magnesium orotate is superior because it is more easily absorbed, accumulates intracellularly, increases muscle endurance, and even has some antioxidative and antitumor protective properties (197, 198) (Table 2). Magnesium orotate has also improved the regeneration of neural tissue shape and reduced nerve cell damage (198, 199). Consequently, the scientific community has begun to formulate theories regarding the use of magnesium orotate in neuropsychiatric diseases. Therefore, more research should be done on any potential links between magnesium orotate, the gut microbiota, and the biochemical equilibrium of the brain.

It is appropriate for studying the various aspects of the small molecule orotic acid (OA), which is widely recognized as a crucial step in the de novo synthesis of pyrimidines. Furthermore, erythrocytes and hepatocytes can absorb it and utilize it in the pyrimidine recycling way and for uridine synthesis.

It has been demonstrated that orotate derivatives can be used as anti-pyrimidine medications and in complexes with metal ions and organic cations to support metabolic syndrome treatments. Present genetic research appears to connect reduced orotate production to abnormalities in the dihydroorotate dehydrogenase (DHODH) gene, which causes human Miller syndrome. Different symptoms are associated with orotic aciduria, a disorder of pyrimidine biosynthesis that take place in cattle, and people deficient in UMP synthase (UMPS). Researchers conclude from more results that OA might be involved in controlling gene transcription (200). In the next subsection, the immunomodulatory effects of vitamin B15 will be mentioned.




5.12 Vitamin B15-pangamic acid

Since its discovery in 1938, pangamic acid (6-O-(dimethylaminoacetyl)-D-gluconic acid) has been identified as a naturally occurring, widely distributed chemical having a variety of biological and therapeutic uses. In this regard, pangamic acid has been a medication that stimulates cellular respiration for decades on the market throughout the world. Apart from pangamic acid that occurs naturally, di-isopropyl-ammonium dichloroacetate (DIPA), a synthetic product that does not exist in biological material, is available on the market with claims to have comparable biological properties (201). The evolution of dichloroacetate (DCA) as a pharmaceutical agent has a more convoluted history (202). The methylated variants of pangamic acid, also known as d glucono dimethylamino acetate, a supposedly naturally occurring B vitamin, were synthesized in the 1950s using the chemical diisopropylammonium dichloroacetate (DIPA). Pangamate has “the property of eliminating toxic products formed in the human system” and is “a solution for the immunization of toxic products present in the human or animal system,” according to the B15 patent (203). The rate-limiting enzyme of cholesterogenesis, HMG-CoA-reductase, is inhibited noncompetitively by DCA. Additionally, DCA prevents the production of hepatic triglycerides by an unidentified mechanism (204). According to Stacpoole et al. (205) and Moore et al. (206), these mechanisms are responsible for the lipid and lipoprotein-lowering impact of DCA in individuals with diabetes mellitus and the uncommon condition homozygous familial hypercholesterolemia.

In response to elevated serum levels of high-density lipoproteins (HDLP), calcium pangamate (CP) in patients with cerebrasthenic syndrome of atherosclerotic genesis allows a decrease in the cholesterol index of atherogenicity. The activation of phospholipid incorporation into HDLP is one explanation that leads to an increase in HDLP levels in the blood serum of patients under the influence of CP (207). In one trial, 95 patients received fierce treatment (isoniazid, rifampicin, streptomycin, pyrazinamide or ethambutol, vitamins for the first two to three months) out of the 155 patients with damaging pulmonary tuberculosis included in the trial. In addition to one of the antihypoxants (piracetam, calcii pangamas, piriditol), 69 patients representing the other group got adjuvant antioxidants (galascorbin or tocopherol acetate). Intense chemotherapy contributed to bacterial discharge dimension reduction, annihilation discontinuation, cavernous reconstruction, and decreased side effect incidence rates enhanced metabolic processes indicating redox and lipid peroxidation (208).

Either dimethyglycine hydrochloride (DMG) or diisopropylamine dichloroacetate (DIPA-DCA) are present in a large number of compounds marketed as B15 (203). The Ames Salmonella mammalian microsome mutagenicity test (209) was used in recent research to determine the mutagenicity of dimethylglycine incubated with nitrites under conditions that resembled long-term human ingestion (210). As part of diisopropylamine dichloroacetate, dichloroacetate has also been shown to be directly harmful to humans and animals (211), as well as mutagenic in the Ames mutagenicity test (212).

There is also discussion of the numerous myths and poor recommendations around vitamins and health, including “fake” vitamins like pangamic acid (“vitamin B15”) and laetrile (“vitamin B17”). Based on the available data, it would not be appropriate to recommend high-dose vitamin intake or substantial changes to typical vitamin intake levels from a balanced diet as a means to reduce cancer risk in the general population. Nonetheless, a cautious approach to nutrition and eating habits is suggested to improve the health effects associated with our complex lifestyle (213).

In animals, vitamin B15 has specific pharmacological characteristics. These include the generation of hypotension in dogs under anesthesia and neuromuscular blocking action in rabbits and chickens. Neostigmine methylsulfate is an effective antagonist of the neuromuscular blockade produced in the rabbit. These results seem qualitatively comparable to thiamine hydrochloride reports (214). In the next paragraph it will presented vitamin B17.




5.13 Vitamin B17

Amygdalin is a cyanogenic glycoside chemical that is mostly found in fruit pulp and kernels. It is sometimes referred to as vitamin B17 and is also a synthetic compound called laetrile. For a long time, this substance has been recommended as a possibly useful naturally generated chemical with anticancer properties.

The use of amygdalin, an artificial substance commonly referred to as vitamin B17 or laetrile, in the prevention and/or co-treatment of cancer is a topic of study. Numerous investigations have exhibited a broad spectrum of biological characteristics for amygdalin, indicating that it could potentially have a preventive or even co-treatment effect on cancers of the bladder, prostate, lung, and cervical regions. This effect could primarily be attributed to the inhibition of cancer cell proliferation (215). The biological activities of amygdalin extracts from three cultivars of cassava (Manihot esculenta) cultivated in Benin were assessed both in vitro and in vivo (216). The results showed that this naturally occurring molecule may function effectively in co-treatment and cancer prevention by inhibiting the growth of cancer cells.

Thus, amygdalin has been shown in vitro experiments to induce apoptosis due to upregulated expression of caspase-3 and Bax protein and downregulated expression of Bcl-2, an anti-apoptotic protein (217) (Table 2). Erikel et al. (218) observed that amygdalin may have a modulatory influence on chemotherapeutic drugs that appear to cause genomic damage in human cells, which is relevant to the chemopreventive potential of amygdalin (218). The primary molecular mechanisms of amygdalin’s basic anticancer effects have been attributed to immune function regulation, cytotoxic effect stimulation, apoptosis induction, and cell cycle inhibition in humans (219). More specifically, cellular replication of the cytochrome C Bax protein triggers the activation of the caspase-3 protease, which is the primary molecular mechanism of apoptosis (220). Apoptosis and the ensuing growth of cells have been linked to high expression of the pro-apoptotic protein Bax (221).

As a result, it was postulated that amygdalin causes apoptosis in HeLa cells by elevating caspase-3 and suppressing Bcl-2. At the same time, HeLa cells treated with amygdalin seem to have an elevated Bax level, showing the possibility of an endogenous route facilitating apoptosis (222). Amygdalin has been demonstrated to induce apoptosis and cell cycle arrest in several cell lines from humans, including those from cancer cells of the lung, breast, colon, testes, prostate, rectum, and bladder (219, 223–226). Vitamin B17 was also found to decrease the migration of MDA-MB-231 cells more than MCF-7 cells (227). Furthermore, the inhibition of proteolytic enzymes was suggested to promote the activation of apoptotic events in MCF-7 breast cancer cells (228). In addition, amygdalin was shown to increase Bax and decrease Bcl-2 expression in SK-BR-3 and MCF-7 breast cancer cells. However, compared with the amygdalin–ZHER2 affibody conjugate, the effect on Bax and Bcl-2 expression in SK-BR-3 cells was stronger than that in MCF-7 cells (229).

Amygdalin is frequently utilized for the treatment and prevention of colorectal tumor malignancies in both conventional and alternative medicine (230). It has been observed that vitamin B17 promotes the anticancer impact of the drug by downregulating the expression of genes associated with the cell cycle in colorectal cancer cells, such as human SNU-C4 colorectal cancer cells (231). Due to their higher concentration of β-glucosidase and lower levels of the liver enzyme rhodanese, which can convert cyanide to the comparatively innocuous chemical thiocyanate, colon cancer cells have been reported to be more vulnerable to the impact of amygdalin compared to normal cells (232). Through increasing caspase-3 expression and decreasing Bcl-2 expression, as well as by reducing the proliferation of HepG2 and EAC hepatocellular carcinoma cells and upregulating Beclin-1 expression, amygdalin has been shown to induce the apoptotic process (233). It’s noteworthy to note that the combination of amygdalin and metformin showed promise in terms of cytotoxicity and ability to induce apoptosis and stop the cell cycle in hepatocellular carcinoma cells when compared to amygdalin alone (234). Apart from this mixture, it has also been demonstrated that the action of amygdalin with zinc has a greater apoptotic impact in the therapy of HepG2 than does amygdalin alone (235).

In animals, the maximum dosage of amygdalin that, when administered intramuscularly and intravenously to mice, rabbits, and dogs, did not result in any intolerable side effects was 3 g/kg; orally, the dose was 0.075 g/kg. Additionally, the maximum tolerated dose of amygdalin administered intravenously to humans was around 0.07 g/kg. According to several studies, amygdalin can selectively target cancer cells while sparing healthy cells, lower telomerase activity, and stop the proliferation of bladder cancer cells. However, cyanide compounds produced during amygdalin decomposition caused important side effects when amygdalin was utilized (236) (Table 2).

As mentioned, a strong association exists between cancer cells and reactive oxygen species. Reactive oxygen species grow as a result of cancer cell proliferation, which may damage macromolecules and ultimately cause cell death. To maintain redox balance, cancer cells must synthesize glutathione from glutamate, glycine, and cysteine (237). Although the pentose phosphate pathway and glycolysis are well recognized as the primary sources of NADPH that contribute to redox balance, the folate cycle (Figure 3)—which is mostly sustained by serine-derived one-carbon units—also generates a significant amount of NADPH (238). Along with their direct involvement in metabolic reprogramming processes, amino acids, and their derivatives play a crucial role in mediating epigenetic regulation and posttranscriptional modification.
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Figure 3 | The involvement of B vitamins in different cancer cell metabolism. Through the citric acid cycle, amino acids generate metabolic intermediates like acetyl-CoA that support energy generation. Additionally, amino acids supply the building blocks for lipogenesis and nucleotide synthesis, two processes essential to a cell's capacity for growth and development.

In particular, normal metabolite levels in the methionine cycle, which are affected by methionine, serine, and glycine modulate DNA and histone methylation (239). Similarly, acetyl-CoA, which results from different metabolic pathways, is needed for histone acetylation, processes that promote gene expression and the advancement of cancer. Acetyl-CoA produced from amino acids is also important for acetylating proteins, which may contribute to the formation of tumors (240) (Figure 3).

By producing glutathione, amino acids can control redox balance and evade the consequences of oxidative stress. Tricarboxylic acid cycle (TCA); Alpha-ketoglutaric acid (α-KG); pyrroline-5-carboxylate (P5C) glutathione (GSH); acetyl-coenzyme A (Acetyl-coA); Aspartate transaminase (ASP); Methylenetetrahydrofolate reductase (MTHFR); Serine hydroxymethyltransferase 1 (SHMT1); methionine adenosyltransferase II alpha (MAT2A); Tetrahydrofolate (THF); Asparagine (ASN), Arginine (ARG).





6 Conclusions and future perspective

As mentioned, there is a close connection between the nutrients in the diet and the immune system. In humans, this connection is intensively studied, which does not happen in the case of animals. Most studies regarding nutritional requirements are extrapolated from humans to animals. This is sad, considering the particularity of the processes of digestion and absorption that ultimately make a difference between the effects caused to humans and those of animals. It was shown that different micronutrients fat-soluble and water-soluble vitamins affect immunity through biochemical, genetic, and signaling pathways. Additionally, the novelty and complexity of this review consist in the fact that it treats all vitamins and everything known about their immunological effects in both humans and animals.

Furthermore, this paper offers findings indicating the potential role of several micronutrients, in the prevention and treatment of immune-related disorders. Because of this, eating free-fat (light) foods essentially deprives mammals of fat-soluble vitamins and some precursors for active compounds, which impact immune system function. Therefore, diets should include the right class of compounds in the right amounts. Otherwise, the foods that are consumed would be depleted in nutrients. Furthermore, some nutrients such as fat-soluble vitamins improve the flavor and satiety of food significantly. Also, it emphasized interspecies differences and the fact that the response in pathophysiologic stages is significantly different from normal physiologic stages. The immunological response is hence unique and unpredictable (88, 241). In addition, the possible roles that specific vitamins may play in cancer, given their functions as cofactors in processes related to energy and proliferation that ultimately result in the growth of tumor cells were presented.

	Therefore, pro-apoptotic proteins can be activated and anti-apoptotic proteins can be suppressed by calcitriol/VDR signaling, which may also reduce tumor-associated inflammation by suppressing the cyclooxygenase-2, prostaglandin, and NF-kB pathways. Consequently, all previous mechanisms cooperate to suppress the growth of tumors (42).

	Due to oxidative stress’s role in the development of cancer, α-T’s ability to prevent cancer has been thoroughly researched. A higher cancer risk has been associated with reduced VE intake or nutritional status. Certain intervention studies have shown that treating with α-T has a favorable effect on minimizing cancer risk when VE deficiency is present.

	Vitamin K in the aberrant form known as PIVKA-II is elevated in certain neoplastic illnesses and human coagulation dysfunctions.

	Vitamin C has been connected with the prevention, progression, and treatment of cancer (76).

	Research on the connection between vitamin C and cancer is ongoing. Differences in results are due to a combination of factors including ascorbic acid-related concerns (doses, administration routes, plasmatic levels, metabolites recording, and source), cancer characteristics (specific mutations present, type and grade of cancer, received conventional anti-cancer therapy), and individual characteristics (diet, behaviors, genetics, transporters). This connects the recording of doses to an active anti-cancer mechanism and makes them effective (76).

	A lack of vitamin B2 is linked to anemia, neurotoxicity, growth retardation, and potentially some types of cancer (105). Indeed, it has recently been demonstrated that riboflavin lack increases cell proliferation and decreases cell viability in HepG2 cells (106).

	The incidence of CRC was inversely associated with vitamin B6 intake and blood PLP levels (131). According to Ames and Wakimoto (132), PLP has been suggested to impact carcinogenesis via a variety of mechanisms, including those involving DNA metabolism.

	In primary human lymphocytes, folate deprivation decreased cell proliferation and increased apoptosis, cell cycle arrest, and DNA strand damage (165). Some research found that compared to aged corresponding controls, newly diagnosed cancer patients had mean levels of homocysteine significantly higher and vitamin B9 levels significantly lower. This suggests that low folate and high homocysteine may be linked to lung cancer (166).

	PABA/B10 and radiation treatment together accelerated the death of tumor cells.

	Vitamin B17 was also found to decrease the migration of MDA-MB-231 cells more than MCF-7 cells (227). In addition, amygdalin was shown to increase Bax and decrease Bcl-2 expression in SK-BR-3 and MCF-7 breast cancer cells.



Regarding the immunomodulatory effects of all nutrients, it is good to take into account the recommended daily dose. As can be seen, the values outside the Gauss curve are not beneficial for the mammalian body. Of course, this is valid after the recommended daily dose is established, here it is referring to animals. Moreover, we hope that through the information we have provided, guidelines and strategies can be built to prevent and improve the lives of four-legged cancer patients. This article shows that there is a need to carry out new studies on the particularities of digestion and their influence on neoplasias, showing the difference between animals and humans.
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Background: Micronutrients play a crucial role in rheumatoid arthritis (RA). Changes in micronutrient levels in RA patients can lead to the worsening of their condition. Though significant correlations between RA and micronutrients have been found in earlier observational studies, their underlying causal relationship is still unknown. This study aimed to elucidate the causal genetic relationships between 15 micronutrients (copper, zinc, magnesium, vitamins A, C, E, D, B6, B12, folate, carotene, iron, selenium, calcium, potassium) and RA.
Method: The exposure factors and outcome data used in the two-sample Mendelian randomization (MR) were derived from publicly available summary statistics data of European populations. The GWAS data for exposure factors were obtained from the OpenGWAS database. For the outcome data of RA, we utilized data from the FinnGen database. We used the MR principle to remove confounding factors and conducted MR analyses using five methods: inverse variance weighted (IVW), MR Egger, weighted median, simple mode, and weighted mode, with IVW as the primary method. Then, we identified micronutrients related to RA and performed MR analyses on these elements, including heterogeneity analysis and pleiotropy analysis such as MR-Egger intercept, MR-PRESSO method, and “leave-one-out” analysis. Finally, we conducted multivariable MR analyses and performed sensitivity analyses again.
Results: The IVW analysis revealed a relationship between vitamin B6 and RA (p: 0.029, OR: 1.766, and 95% CI: 1.062–2.938). Sensitivity analysis confirmed the validity and reliability of this result.
Conclusion: This study revealed a causal relationship between vitamin B6 and RA, with vitamin B6 being identified as a risk factor for RA. This finding could contribute to the diagnosis and supplementary treatment of RA patients, providing a reference for subsequent basic research and developing new drugs.

Keywords
 micronutrients; Mendelian randomization (MR); rheumatoid arthritis (RA); immune diseases; causal


1 Introduction

Rheumatoid arthritis (RA) is a complex autoimmune disease (1) that primarily affects the joints, leading to progressive damage. Statistics showed that there were about 460 cases per 100,000 people, with women at higher risk (2). Although the exact cause of RA has remained unclear, research indicated that genetic factors, environmental influences, and abnormal activation of the immune system collectively contribute to the development and progression of the disease (3). RA is characterized by synovial inflammation, typically in symmetrical small joints, causing pain (4). Various cytokines are involved in the immunopathogenesis of RA and play crucial roles. For instance, activated T cells secrete pro-inflammatory factors such as TNF-α and IFN-γ, which trigger joint inflammation and bone destruction, while also activating B cells to produce autoantibodies, thereby worsening RA (5). In the synovium of RA, CD1c+ DCs are enriched and secrete chemokines that attract pro-inflammatory immune cells, such as macrophages and monocytes, into the synovium, thereby increasing RA inflammation (6). Interleukins such as IL-6 stimulate RANKL expression in osteoblasts and synovial fibroblasts, promoting osteoclast differentiation and worsening RA (7). Similarly, IL-1β and IL-17 also promote osteoclast formation, aggravating RA through RANKL induction and synergistic interactions with other factors (8). Clinically, RA is incurable, with treatments focusing primarily on symptom relief. JAK inhibitors and comprehensive interventions can effectively alleviate RA symptoms (9). However further research is needed to deepen the understanding of its treatment and prevention (10, 11).

Micronutrients are crucial for maintaining internal balance and health and have a complex and close relationship with immune function. Although the risk factors for RA are not yet fully understood, extensive research has explored their role in RA. Zinc deficiency in RA patients is associated with increased ESR and erosion proteinases, indicating more active disease (12–14). Zinc influx, mediated by Zip8, promotes inflammation in RA patients (15), while zinc supplementation can reduce inflammatory factors, possibly preventing RA development (16). Research indicated that most RA patients have low vitamin D intake (17–20). Vitamin D can improve the severity of RA by decreasing the synthesis of pro-inflammatory mediators (21), reducing NETosis and restoring E-ADA activity in neutrophils (22–25). Studies showed that folic acid and vitamin B12 supplements could reduce cardiovascular risk in RA patients (26). Magnesium deficiency leads to higher levels of TNF and IL-6 in RA, worsening the condition (27). Some micronutrient intakes can exacerbate RA. Despite reduced serum iron levels in RA patients, RA exacerbates local inflammation by decreasing iron in the blood and increasing iron in the synovium (21). Increased inflammation in RA raises serum copper levels, with higher levels correlating with longer disease duration (28, 29). In summary, micronutrients play a crucial role in the pathogenesis of RA, but their relationship with the disease is complex and not clearly defined as positive or negative. Therefore, researching the causal relationship between micronutrients and RA is essential.

MR is considered a “natural experiment,” because it utilizes existing variations in the genetic code to determine exposure to certain conditions and assess whether they affect specific traits (30). MR uses single nucleotide polymorphisms (SNPs) as genetic instruments, providing an alternative method to assess causal evidence between exposure factors and outcome factors. It’s important to note that these genetic variations are randomly allocated, making MR studies less susceptible to reverse causation and confounding factors compared to traditional observational studies (31, 32). MR is based on three main assumptions. First, the genetic variations are associated with exposure. Second, there should be no association between genetic variations and confounding factors. Third, genetic variations only affect the risk of outcome through exposure and not through other pathways. MR is widely used in scientific research and clinical trial exploration due to its advantages in reducing biases and the influence of confounding factors (33). The novelty of this paper lies in the fact that, although RA is associated with various micronutrients, previous studies may be biased due to limited numbers and confounding factors. MR analysis has the potential to explore causal relationships between diseases and characteristics, as it can reduce the effects of confounding factors and reverse causation.

This study aimed to utilize MR analysis to assess the relationships between 15 micronutrients and RA. Specifically, the exposure factors included copper, calcium, iron, magnesium, potassium, selenium, zinc, carotene, folate, vitamin A, vitamin B6, vitamin B12, vitamin C, vitamin D, and vitamin E. The outcome factor was RA. Through this method, the study would explore the potential causal effects of these micronutrients in the pathogenesis of RA, providing new perspectives and potential targets for the prevention and treatment of RA.



2 Materials and methods


2.1 Study design

The schematic diagram of the study design was shown in Figure 1. In summary, we conducted a two-sample MR study using 15 exposure datasets from publicly available summary statistics in Open GWAS (34), and 1 outcome dataset from publicly available summary statistics in FinnGen. The exposure and outcome data were derived from subjects of European descent to minimize population stratification bias. This MR investigation adhered to three fundamental assumptions. The first assumption was the correlation between instrumental variables (IVs) and exposure. The second assumption was that instrumental variables must be free from any confounding factors related to exposure and outcome. The third assumption was that instrumental variables only affect the outcome through exposure (35, 36).
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FIGURE 1
 Summary of the MR study design for the relationship between 15 micronutrients and RA. MR, Mendelian randomization; SNPs, single nucleotide polymorphisms; IVW, inverse variance weighted; MVMR, multivariable Mendelian randomization.




2.2 Data sources

This study utilized summary data from genome-wide association studies (GWAS) on copper, calcium, iron, magnesium, potassium, selenium, zinc, carotene, folate, vitamins A, B6, B12, C, D, and E exposures obtained from the OpenGWAS database.1 The summary statistics for the 15 micronutrients’ GWAS data were detailed. First, the OpenGWAS data for copper included 2,603 Europeans, with GWAS ID ieu-a-1073. The data for calcium included 64,979 Europeans, with GWAS ID ukb-b-8951. For carotene, the data included 64,979 Europeans, with GWAS ID ukb-b-16202. The data for folate included 64,979 Europeans, with GWAS ID ukb-b-11349. Iron data included 64,979 Europeans, with GWAS ID ukb-b-20447. Magnesium data included 64,979 Europeans, with GWAS ID ukb-b-7372. Potassium data included 64,979 Europeans, with GWAS ID ukb-b-17881. Selenium data included 2,603 Europeans, with GWAS ID ieu-a-1077. Vitamin A data included 8,863 Europeans, with GWAS ID ukb-b-9596. Vitamin B12 data included 64,979 Europeans, with GWAS ID ukb-b-19524. Vitamin B6 data included 64,979 Europeans, with GWAS ID ukb-b-7864. Vitamin C data included 64,979 Europeans, with GWAS ID ukb-b-19390. Vitamin D data included 64,979 Europeans, with GWAS ID ukb-b-18593. Vitamin E data included 64,979 Europeans, with GWAS ID ukb-b-6888. Zinc data included 2,603 Europeans, with GWAS ID ieu-a-1079. Additionally, we obtained outcome data for RA from the FinnGen database.2 The RA outcome data (DF10-2023.12.18) under finngen_R10_RHEUMA_OTHER_WIDE included 6,693 RA patients and 405,488 controls. All participants in both exposure and outcome datasets were of European descent (Figure 2).
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FIGURE 2
 Exposure data from the OpenGWAS database: copper, calcium, iron, magnesium, potassium, selenium, zinc, carotene, folate, vitamins A, B6, B12, C, D, and E. Outcome data from the FinnGen database: rheumatoid arthritis.


Detailed information about participants, genotyping, imputation, and quality control can be found on the FinnGen website. Since the data analyzed in this study were all obtained from public databases and were publicly available, institutional review board ethical approval and informed consent were not required. Such data sources ensured transparency and reliability of the data and enabled our research results to be shared and discussed in a wider medical research community.



2.3 Selection of instrumental variables

Firstly, to determine the SNPs strongly correlated with exposure in MR analysis, we set the genome-wide significance threshold at 5 × 10−6, as instrumental variables (IVs) (37). Subsequently, a linkage disequilibrium region range of >10,000 kb and r2 < 0.001 was employed to ensure independence among the selected SNPs. Next, we calculated the F-statistic for each IV, with the F-statistic computed using the following formula: F = R2(N − K − 1)/K(1 − R2), to assess the strength of association with the exposure factor, and IVs with F-statistics less than 10 were excluded. This approach ensured that we only used SNPs significantly associated with the exposure factor and mutually independent as instrumental variables in the MR analysis, providing robust correlation.



2.4 Statistical analysis

In order to assess the potential causal effect of exposure factors on outcome, this study employed the “TwoSampleMR” and “MendelianRandomization” packages in R (version 4.3.3) for two-sample MR analysis, ensuring the reliability and accuracy of the results. Technical assessments were carried out using two-sample MR analysis, including inverse variance weighting (IVW), weighted median, MR-Egger, simple mode, and weighted mode, with IVW as the primary method (38).

The IVW method is a classical MR statistical method that assumes all included SNPs are valid IVs. Each of the five methods has its unique characteristics and assumptions, providing multifaceted causal estimates, followed by heterogeneity and pleiotropy tests. Secondly, exposure factors related to outcome data were screened, and the potential pleiotropy of instrumental variables was evaluated to meet three filtering criteria. Firstly, IVW with p < 0.05. Secondly, the consistent direction of OR values among the five methods; and finally, pleiotropy with p > 0.05. After screening, MR analysis was conducted on exposure data related to outcome data, using MR Egger’s intercept test and MR-PRESSO to assess horizontal pleiotropy, where p > 0.05 indicated no horizontal pleiotropy, followed by heterogeneity testing. Multivariable MR analysis was used for further testing to identify exposure factors that independently produced causal effects on outcome factors. The robustness of MR analysis results was assessed through testing, followed by various sensitivity analyses, including MR-PRESSO testing, pleiotropy analysis, heterogeneity testing, and “leave-one-out” analysis, to examine whether individual SNP affected the relationship assessment between exposure and outcome.




3 Results


3.1 MR analysis

Copper, calcium, iron, magnesium, potassium, selenium, zinc, carotene, folate, vitamin A, vitamin B6, vitamin B12, vitamin C, and vitamin D, vitamin E, these 15 micronutrients were considered as exposure factors, and RA was considered as the outcome factor, for MR analysis (Supplementary File S1) and visualized the results (Figure 3). After multiple tests and corrections, the random-effects IVW analysis indicated that calcium (p: 0.022, OR: 0.683, and 95% CI: 0.493–0.948) and vitamin B6 (p: 0.028, OR: 1.427 95% CI: 1.039–1.959) have a significant causal relationship with RA. Vitamin B6 is a risk factor for RA. Carotene, selenium, vitamins A, C, D, E, B12, iron, copper, zinc, magnesium, folate and potassium with IVW p > 0.05 were excluded. In addition, the results obtained from the MR-Egger analysis for calcium were consistent with IVW, but the results obtained from the weighted median, simple mode, and weighted mode analyses were opposite to IVW results, without heterogeneity (p > 0.05), with OR values <1. The results obtained from the weighted median analysis for vitamin B6 were consistent with IVW, but the results obtained from MR-Egger, simple mode, and weighted mode analyses showed no heterogeneity (p > 0.05), with OR values >1.

[image: Circular heatmap displaying the p-values of various nutrients and vitamins, including Vitamin A, Vitamin C, Zinc, Magnesium, and Calcium. The heatmap uses a color gradient from red to blue, indicating p-values from zero to one.]

FIGURE 3
 MR analysis results of exposures (copper, calcium, iron, magnesium, potassium, selenium, zinc, carotene, folate, vitamins A, B6, B12, C, D, and E) and outcome (RA). Five methods: inverse variance weighting (IVW), weighted median, MR-Egger, simple mode, and weighted mode.


We used the R software package to screen for micronutrients related to the disease. After analysis, it was found that the multifunctionality analysis of calcium had a p-value of 0.044 (p < 0.05), indicating that it influenced the outcome through factors other than the exposure factor, indicating pleiotropy. Therefore, it could not be considered a valid result in the study and was excluded. However, the multifunctionality of vitamin B6 had a p-value of 0.857 (p > 0.05), which was related to RA (Supplementary File S2). MR analysis was conducted on vitamin B6 related to RA (Supplementary File S3). Random-effects IVW analysis showed that vitamin B6 (p: 0.028, OR: 1.427, and 95% CI: 1.039–1.959), and conducted pleiotropy testing (Supplementary File S4) and heterogeneity testing (Supplementary File S5), both showing p-values greater than 0. The results of outlier detection indicated that the comprehensive p-value of all outlier detections was >0.05 (Supplementary File S6), and there were no SNPs in the outlier detection of individual SNP (Supplementary File S7). Additionally, we observed through scatter plots that the results of SNPs on exposure and outcome factors were consistent across the five methods. Forest plots generated using MR Egger and IVW methods showed that SNPs effect sizes were greater than 0. “Leave-one-out” sensitivity analysis indicated that removing a single SNP did not excessively influence the MR analysis. The funnel plot also displayed a symmetrical distribution (Figure 4).
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FIGURE 4
 Mendelian randomization analysis of the causal relationship between vitamin B6 and rheumatoid arthritis. (A) Scatterplots for the causal association between vitamin B6 and rheumatoid arthritis. The slope of a straight line indicates the magnitude of causality. Black dots represent genetic instruments included in the main Mendelian randomization analysis. (B) Forest map visualization of the causal impact of each SNP on rheumatoid arthritis risk. (C) “Leave-one-out” plots for the causal association between vitamin B6 on rheumatoid arthritis risk. (D) Funnel plot showing heterogeneity of SNP.




3.2 Multivariable MR analysis

We selected zinc and copper, two micronutrients related to vitamin B among the 15 micronutrients, for multivariable MR (Supplementary File S8). The results indicated that zinc (p: 0.406, OR: 1.032, and 95% CI: 0.958–1.112) and copper (p: 0.967, OR: 1.032 95% CI: 0.920–1.016) did not have independent causal effects on RA and were therefore excluded. Vitamin B6 (p: 0.029, OR: 1.766, and 95% CI: 1.062–2.938) had an independent causal effect on RA, indicating that vitamin B6 is a risk factor for RA. Heterogeneity and multifunctionality tests were conducted, obtaining Q values with p > 0.05, indicating no significant heterogeneity or multifunctionality in the data (Supplementary File S9). We compared the forest plot of vitamin B6 with the combined forest plot of zinc, copper, and vitamin B6, which demonstrated the causal relationship between vitamin B6 and RA (Figure 5). Therefore, we identified vitamin B6 as a potential risk factor for RA.
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FIGURE 5
 Forest plot. (A) Forest plot of Mendelian randomization analysis of vitamin B6 with inverse variance weighting (IVW), weighted median, MR-Egger, simple mode, and weighted mode. (B) Forest plots for inverse variance-weighted Mendelian randomization analysis of zinc, copper, and vitamin B6.





4 Discussion

RA is a complex autoimmune disease with an incompletely understood pathophysiology. RA patients often experience decreased bone density, bone loss, and osteoporosis due to inflammation, leading to bone destruction closely related to micronutrient levels (39, 40). This study employed MR to investigate the causal relationships between 15 micronutrients (copper, calcium, iron, magnesium, potassium, selenium, zinc, carotene, folate, vitamin A, vitamin B6, vitamin B12, vitamin C, vitamin D, and vitamin E) and RA. The analysis revealed a significant causal link between RA and vitamin B6, suggesting that vitamin B6 is a risk factor for RA.

Vitamin B6 is essential for maintaining normal metabolism and immune responses, and it exhibits anti-inflammatory properties. It is involved in generating auxiliary factors in metabolic pathways, promoting an immune response (41). Research has also indicated that vitamin B6 reduced the expression of pro-inflammatory cytokines by inhibiting the NF-κB and mitogen-activated protein kinase signaling pathways. Moreover, it could reduce the accumulation of sphingosine-1-phosphate through a sphingosine-1-phosphate lyase-dependent mechanism, thereby preventing excessive inflammation accumulation (42). Vitamin B6 also plays a crucial role in the production of T lymphocytes and cytokines. Therefore, a deficiency in vitamin B6 can affect humoral and cell-mediated immune responses, as well as the differentiation and maturation of lymphocytes (43), leading to decreased immunity, including reduced formation of serum antibodies, decreased production of IL-2, and increased production of IL-4. Under conditions of chronic inflammation, vitamin B6 is negatively correlated with levels of IL-6 and TNF-α (34).

The intake of vitamin B6 has been linked to RA progression. According to the Food and Nutrition Board of the Institute of Medicine in the United States, the recommended dietary allowance (RDA) for vitamin B6 ranges from 1.3 mg (young people) to 1.7 mg (adult males) (32), and up to 2 mg for lactating women (44). Consuming at least 5 mg/day of vitamin B6 helps prevent significant increases in inflammation (45). Among 24,151 RA patients, researchers found a negative correlation between vitamin B6 intake and RA risk (p < 0.001) (37). Research has indicated that a high daily intake of vitamin B6 supplements (100 mg/day) could suppress the levels of pro-inflammatory cytokines, specifically IL-6 and TNF-α, in patients suffering from RA (46). At the same time, the plasma pyridoxal-phosphate (PLP) in RA patients could reflect their functional vitamin B6 status (47). These studies indicated that vitamin B6 has a protective effect against RA. The severity of RA was associated with vitamin B6 biomarkers, and the relationship between vitamin B6 and disease activity in RA patients could be observed before and after TNF-α inhibitor treatment (48).

However, our MR study presented a new perspective, suggesting that vitamin B6 may be a potential risk factor for RA, rather than the protective factor previously believed. This discrepancy may stem from the complexity and context-dependency of vitamin B6’s role in immune regulation and inflammatory responses. While previous research has shown that vitamin B6 can reduce the expression of pro-inflammatory cytokines such as IL-6 and TNF-α, its broader functions within the metabolic and immune systems may vary based on disease stage, genetic susceptibility, or environmental factors. Nevertheless, our MR analysis, using genetic variation as an instrumental variable, reveals a different scenario—elevated levels of vitamin B6 may be involved in the pathogenesis of RA, potentially exacerbating rather than alleviating autoimmune responses through unclear immune-regulatory pathways. This contrast in findings raised important questions about the dose-response relationship between vitamin B6 and RA, and it may have widespread implications for personalized medicine in managing chronic inflammatory diseases. The dual nature of vitamin B6—acting as both an anti-inflammatory agent and a potential risk factor—indicated that supplementation strategies should be carefully adjusted for individuals at risk for RA. Future research should focus on the precise role of vitamin B6 at different stages of RA progression and its interactions with other micronutrients and genetic factors. These findings highlighted the need for a cautious interpretation of vitamin B6’s role in RA and advocate for a balanced and personalized approach to its supplementation and therapeutic use in autoimmune disease management.

Our study provided new insights into the pathogenesis of RA, but it had to be acknowledged that our study had limitations. To reduce the risk of population stratification, the data we stratified only by European ancestry, without considering factors such as age, diet, and micronutrient intake, which might have introduced bias into the results. Additionally, with the genome-wide significance level set at 5 × 10−8, we did not have a sufficient number of SNPs for MR analysis. Therefore, we expanded the genome-wide significance level to 5 × 10−6, although this adjustment was reasonable, it still had limitations. Although our MR study suggested that vitamin B6 is a potential risk factor for RA, previous studies have often highlighted the protective effects of vitamin B6, such as its ability to reduce inflammation and modulate immune responses. The differences in findings may be due to variations in study design, population characteristics, and vitamin B6 intake levels. Future research should further explore the specific mechanisms by which vitamin B6 operates in different stages of RA progression, while taking into account factors such as genetic background, dietary habits, and micronutrient intake. This will help to better understand the dual role of vitamin B6 in RA and its complexity in immune regulation and inflammation response.



5 Conclusion

In conclusion, our findings indicated that vitamin B6 is a potential risk factor for RA. However, our research did not establish a causal relationship between other micronutrients and RA. We hope that future researchers will employ methods such as randomized controlled trials and mechanistic studies to further explore the safety, toxicity, and dosage of vitamin B6, investigate its relationship with RA and potential mechanisms, and thereby provide more reliable evidence for future studies.
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Introduction: Micronutrients have significant functional implications for the human immune response, and the quality of food is a major factor affecting the severity and mortality caused by HIV in individuals undergoing antiretroviral therapy. A decrease in CD4 lymphocyte count and an increase in CD8 lymphocyte count are the hallmarks of HIV infection, which causes the CD4/CD8 ratio to invert from a normal value of >1.6 to <1.0. In this study, we tried to analyze whether the nutritional status of HIV-positive patients has an impact on the CD4/CD8 ratio inversion by utilizing a machine learning (ML) algorithm.
Methods: In this study, 55 confirmed HIV-positive patients who had not started their anti-retroviral therapy were included after obtaining their informed, written consent. Moreover, 55 age-and sex-matched relatives and caregivers of the patients who tested negative in the screening were enrolled as controls. All individual patient data points were analyzed for model development with an 80–20 train–test split. Four trace elements, zinc (Zn), phosphate (P), magnesium (Mg), and calcium (Ca), were utilized by implementing a random forest classifier. The target of the study was the inverted CD4/CD8 ratio.
Results: The data of 110 participants were included in the analysis. The algorithm thus generated had a sensitivity of 80% and a specificity of 83%, with a likelihood ratio (LR+) of 4.8 and LR-of 0.24. The utilization of the ML algorithm adds to the limited evidence that currently exists regarding the role of micronutrients, especially trace elements, in the causation of immune risk. Our inherent strength lies in the fact that this study is one of the first studies to utilize an ML-based decision tree algorithm to classify immune risk in HIV patients.
Conclusion: Our study uniquely corroborated the nutritional data to the immune risk in treatment-naïve HIV patients through the utilization of a decision tree ML algorithm. This could subsequently be an important classification and prognostic tool in the hands of clinicians.
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Introduction

HIV/AIDS (human immunodeficiency virus/acquired immunodeficiency syndrome) is a global pandemic. The first case of HIV infection was reported in India in 1986, and since then, the disease has spread throughout the country. The country’s estimated 2,349,000 HIV/AIDS-positive citizens had an adult prevalence of 0.22% in 2019. Moreover, 3.4% of all people living with HIV/AIDS (PLWHA) were reported to be children. Approximately 44% of the PLWHA aged 15 years and older were reported to be female patients (1). Higher rates of HIV infection, viral load, and sexual and vertical transmission of the virus are all significantly more prevalent in developing nations, such as India, due to malnutrition and food insecurity (2). HIV is characterized by the suppression of the immune system, which increases the energy demands of the already emaciated HIV patients in the fight against the infection and triggers greater nutritional complications (3).

Micronutrients have significant functional implications for the human immune response, and the quality of food is a major factor affecting the severity and mortality caused by HIV in individuals undergoing antiretroviral therapy (4). When highly active antiretroviral therapy (HAART) was not available, several studies involving HIV-positive adults demonstrated that multivitamin supplementation improved overall clinical outcomes, decreased viral load, improved immunological reconstitution, and decreased mortality (5). Adequate calories from macronutrients and micronutrients constitute an acceptable diet, which is necessary to improve immunity to fight infection, sustain patients’ nutritional status, reduce the spread of HIV, and enhance quality of life (6). To improve nutrient intake and diminish viral load by boosting immunity, dietary treatments such as macronutrient and micronutrient supplements, nutrition education or counseling, and food assistance programs are crucial for HIV-positive individuals (7).

A decrease in CD4 lymphocyte count and an increase in CD8 lymphocyte count are the hallmarks of HIV infection, which causes the CD4/CD8 ratio to invert from a normal value of more than 1.6 to <1.0. It has long been known that the CD4/CD8 ratio can be used to predict the progression of HIV infection (8). Therefore, in this study, we tried to analyze whether the nutritional status of HIV-positive patients has an impact on the CD4/CD8 ratio inversion by utilizing a machine learning (ML) algorithm. This will allow us to specifically generate hierarchical rules for the early prediction of increased immune risk in treatment-naïve HIV patients based on these micronutrients.



Materials and methods


Study design and setting

This study was a case–control study conducted in the Department of Biochemistry at a tertiary care institute in eastern India. Ethical clearance was obtained from the Institutional Ethics Committee with reference no. T/IM-F/18–19/07 dated 15 May 2023.



Selection of participants

A total of 55 patients over 18 years of age attending the Integrated Counselling and Testing Centre (ICTC) clinic, were included. Pre-operative patients, clinically symptomatic patients referred by the clinician, and normal or high-risk patients who directly walked into the clinic for HIV testing with a positive screening test (MeriScreen) and a confirmatory test for HIV (HIV TRI-DOT test) and who had not started anti-retroviral therapy were included in this study, after obtaining written, informed consent from them. Patients who were seriously ill, pregnant women, those taking vitamin supplements, and those unable to answer the questions were excluded from the study. Furthermore, 55 age- and sex-matched relatives and caregivers of the patients, who were matched by age and sex and tested negative on screening, were enrolled as controls after obtaining written informed consent from them.



Procedure

A detailed dietary history of the patients, with the frequency of non-vegetarian foods and drug intake, was recorded on their datasheets. Anthropometric measurements, such as height, weight, and body mass index (BMI), were recorded for both the patients and controls. A clinical examination of the patients was also performed before blood collection. A total of 5 mL of blood—2 mL in an ethylenediaminetetraacetic acid (EDTA) vial and 3 mL in a plain vial—was collected from both patients and controls at the ICTC clinic itself. The CD4+ and CD8+ cell counts were analyzed using a Beckman Coulter Navios Flow cytometer (Beckman Coulter Ireland, Inc., Lismeehan). The total concentration of calcium (Ca), magnesium (Mg), phosphate (P), and zinc (Zn) in the serum was estimated using a Beckman Coulter AU480 Autoanalyzer. For zinc concentration, Randox quality control material was used and for the rest of the biochemical parameters, Bio-Rad internal quality control samples were used daily.



Statistical analysis

Statistical analysis was performed using SPSS v26. The data were expressed as mean ± standard deviation. Independent samples t-test was performed to compare groups, and correlation was performed using Pearson’s correlation coefficient. A p < 0.05 was considered statistically significant.



Machine learning modeling

The data were entered into MS Excel for modeling. All machine learning-related analyses were performed using Python 3.6 in a Jupyter Notebook. All individual patient data points were analyzed for model development with an 80–20 train–test split. In the training dataset, the four micronutrients, i.e., Zn, P, Ca, and Mg, were processed using a custom sequential permutation model based on a random forest classifier model (minimum split = 100, criterion = Gini, and max. Depth = none), with the inverted CD4/CD8 ratio as the target. Each of the iterative classifiers was evaluated for accuracy, recall, precision, F1 value, Matthews correlation coefficient (MCC), and area under the curve (AUC) for the test parameters. Using the means of these matrices, the overall optimized score (OOS) was calculated. The parameter or combination of the parameters with the highest OOS value was selected as the most optimal combination. To generate a clinical decision algorithm, this selected combination was applied to a decision tree model (based on classification and regression tree (CART) with criterion = Gini, splitter = best, max. Depth = 5, and min. Sample splits = 2). This model was validated by a 10-fold cross-validation (scoring = F1 score). The model predictions were evaluated by area under the curve (AUC), sensitivity, specificity, and likelihood ratio (LR).




Results

The data from 110 participants in total were included in the analysis. The demographic and biochemical data of the population are tabulated in Table 1.



TABLE 1 Characteristics of the study population with a comparison between the groups.
[image: Table comparing health and demographic data between controls and cases, with p-values. Both groups have similar sex distribution and age. Cases exhibit lower CD4, CD4/CD8 ratio, calcium, phosphorus, magnesium, and zinc levels. Education and employment status show significant differences, with more cases being uneducated and unemployed. Dietary history shows less statistical relevance.]

The correlation analysis showed a significant positive correlation of calcium, magnesium, and zinc with the CD4 count and CD4/CD8 ratio. The Pearson’s correlation coefficients and p-value are tabulated in Table 2. The correlation heatmap is shown in Figure 1.



TABLE 2 Pearson’s correlation coefficients of micronutrients with immunological parameters.
[image: Table showing correlation coefficients and p-values of mineral effects on CD4 count, CD8 count, and CD4/CD8 ratio. Calcium: CD4 0.222 (0.020), CD8 -0.142 (0.139), Ratio 0.238 (0.012). Phosphorus: CD4 -0.135 (0.158), CD8 -0.066 (0.495), Ratio -0.095 (0.323). Magnesium: CD4 0.361 (<0.001), CD8 -0.044 (0.651), Ratio 0.460 (<0.001). Zinc: CD4 0.533 (<0.001), CD8 -0.172 (0.072), Ratio 0.594 (<0.001). Asterisk denotes correlation coefficient (p-value).]

[image: A heatmap displaying correlations between immune cell counts, mineral levels, and ratios. Correlation values range from 0.012 to 0.812 with color gradients indicating strength. Significant values are marked with asterisks. Rows and columns include CD4 Count, CD8 Count, CD4/CD8 Ratio, Calcium, Magnesium, Phosphorous, and Zinc.]

FIGURE 1
 Pearson correlation heatmap for analysis between immunological parameters and micronutrients.


The evaluation metrics of the test data are tabulated in Table 3.



TABLE 3 Feature evaluation metrics for testing the dataset of various feature combinations along with the overall optimized score (OOS) in descending order.
[image: Table displaying performance metrics of different feature combinations on testing data. Metrics include Accuracy, Recall, Precision, F1, MCC, AUC, and OOS. The highest Accuracy of 0.857 and highest Recall of 0.929 are achieved by "Ca+Mg+Zn", while "Ca+P+Mg+Zn" follows closely in performance. Other combinations show varied metric values.]

The best model that included calcium, magnesium, and zinc was implemented to generate a decision algorithm. The algorithm thus generated had an AUC of 0.880, sensitivity of 80%, and specificity of 83%, with LR+ of 4.8 and LR-of 0.24. The diagnostic odds ratio was 20. The mean 10-fold cross-validation was 0.753. The algorithm tree and the confusion matrix are shown in Figures 2, 3, respectively.

[image: Decision tree diagram for classifying data into "Inverted" or "Not Inverted" classes. Nodes detail decision criteria using Zn, Mg, and Ca values, with Gini indexes, sample counts, and class outcomes. The root node splits on Zn ≤ 51.2, leading to two branches. The left branch splits further on Zn ≤ 24.45 and Mg ≤ 1.65, while the right branch splits on Mg ≤ 2.745 and Ca ≤ 7.78. Each endpoint node shows final class determination.]

FIGURE 2
 CART based decision tree for classification of inverted ratio.


[image: Confusion matrix illustrating classification performance. True labels are "Not Inverted" and "Inverted" on the y-axis, predicted labels are "Not Inverted" and "Inverted" on the x-axis. Values: True Positive (10), False Positive (2), False Negative (2), True Negative (8). A blue gradient indicates value intensity.]

FIGURE 3
 Decision tree based classification confusion matrix.


Based on the decision tree algorithm, a simplified textual classification was also generated.

ALGORITHM: Our inherent strength lies in the fact that this study is one of the first studies to utilize CART based decision tree for classification of inverted ratio of immune risk in HIV patients.

	• If Zn is ≤51.20:

	o If Zn is ≤24.45, classify as Inverted (class 1).
	o If Zn is >24.45:
	▪ If Mg is ≤1.65, classify as Not Inverted (class 0).
	▪ If Mg is >1.65, classify as Inverted (class 1).

	• If Zn is >51.20:

o If Mg is ≤2.74:

▪ If Ca is ≤7.78, classify as Not Inverted (class 0).

▪ If Ca is >7.78, classify as Not Inverted (class 0).

o If Mg is >2.74, classify as Inverted (class 1).



Discussion

Our study is one of the pioneering studies in which it was attempted to achieve predictive classification potential regarding the risk of immunocompromised status in treatment-naïve HIV patients. The utilization of an ML algorithm adds to the limited evidence that currently exists regarding the role of micronutrients, especially trace elements, in the causation of immune risk.

CD8 cell proliferation in the general population indicates increased immunosenescence and independently predicts mortality, particularly in older individuals. Individuals with a CD4/CD8 ratio inversion (<1) have CD8 cells with a shorter telomere length, exhibit expression of senescence markers such as CD28-, experience oligoclonal expansion of cytomegalovirus (CMV)-specific CD8+ T cells, and present with impaired thymic function (9, 10). Later investigations on antiretroviral therapy (ART) have revealed that low CD4/CD8 ratios are also associated with underlying inflammation, oxidative stress, decreased thymic production, and poor control of latent viruses such as CMV, Epstein–Barr virus (EBV), or active coinfections such as hepatitis C (9). Importantly, patients with HIV with low CD4/CD8 ratios have higher levels of inflammation and immunosenescence despite receiving otherwise effective treatment (11).

In previous studies, a decrease in serum zinc levels has been implicated in the micronutrient panel of HIV patients. These studies implied that reduced zinc status is generally found in HIV patients with a higher risk of immune-risk linked to the CD+ cell count (5, 12, 13). Zinc has been primarily linked with antiviral immune responses through the mechanisms of antiviral immune signaling pathways (14). Ionic zinc possesses unique and distinct antiviral properties via an immune response led by interferons (IFNs) and is invariably required to clear infections. Vatsalya et al. (15) reported the involvement of decreased zinc levels in T cell apoptosis in an HIV-infected human T cell line, which may contribute to the depletion of CD4+ T cells. In addition, zinc has been shown to contribute to a number of innate and adaptive immune signaling pathways (16). Zinc supplementation has been linked with an increase in cell-mediated markers of immunocompetence, including the number of circulating T lymphocytes, particularly the percentage of CD4+ cells and the CD4+/CD8+ ratio (17). In our study, the algorithm also correlated the propensity of lower zinc levels with a higher probability of predicting increased immune risk in the patients.

As a second intracellular messenger, calcium participates in an array of physiological and biochemical processes, including immune response, utilization of energy, cell division and proliferation, information transfer, and cell development. Furthermore, its signaling offers a target for the invasion, replication, spread, and release of viruses (18, 19). Once the host cell is taken over, viruses use calcium signaling to control apoptosis and hinder host defenses to create a persistent infection (20, 21).

It has been shown that magnesium has potent anti-inflammatory effects as low magnesium levels are linked to increased inflammation and higher magnesium levels have been linked to a decrease in C-reactive protein (CRP) levels (22). The capability of magnesium to activate vitamin D is one of its additional critical roles in the body. Magnesium functions as a cofactor in the enzymes that convert vitamin D from its inactive state to an active state, thereby indirectly correlating with the ability of vitamin D to enhance immune function (23). This was demonstrated in our algorithm, which showed that a lower calcium and magnesium status was associated with an increased likelihood of an inverted CD4/CD8 ratio, consequently indicating immune risk in the patients.

Our inherent strength lies in the fact that this study is one of the first studies in India, and worldwide, to utilize an ML-based decision tree algorithm to classify immune risk in HIV patients. In addition, the innate importance of trace elements, which is frequently overlooked in clinical practice, has been quite evidently demonstrated.

However, this study has a few limitations, primarily the small sample size. Furthermore, there is a need to delve deeper into the nutritional, anthropometric, and biochemical aspects of HIV+ patients.



Conclusion

Our study uniquely corroborated nutritional data to immune risk in treatment-naïve HIV patients through the utilization of a decision tree ML algorithm. The findings of this study suggest that this algorithm will subsequently be an important classification and prognostic tool for clinicians while treating people with HIV. Similar studies in a multicenter setting with a larger set of data points and more comprehensive markers of an individual’s nutritional status will further validate the results of this study and increase their robustness.
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Study objectives: The Oxidative Balance Score (OBS), which reflects overall oxidation through diet and lifestyle, has been linked to sleep, but few studies have clarified this relationship. We investigated the association between OBS and sleep duration, and whether oxidative stress (OS) and inflammation mediate the underlying mechanisms.
Methods: Data were obtained from the National Health and Nutrition Examination Survey spanning the years 2007 to 2018. Multivariable logistic regression analyses were used to evaluate the association between OBS and the risk of sleep duration. Mediation analyses were conducted to investigate the role of OS and inflammatory markers.
Results: A significant negative association was found between OBS and sleep duration (p < 0.01). Meanwhile, compared to participants in OBS tertile 1, the ORs (95% CIs) of incident short sleep duration were 0.78 (0.72–0.86) and 0.72 (0.67–0.79) (both p < 0.01) for OBS tertile 2 and 3, respectively. And the ORs (95% CIs) of incident long sleep duration were 0.83 (0.73, 0.95) and 0.66 (0.57, 0.75) (both p < 0.01) for OBS tertiles 2 and 3 after adjustment for multivariate variables. A linear relationship between OBS and short/long sleep duration (p for non-linearity = 0.69/0.94, both p < 0.01) were revealed. Mediation analysis showed absolute neutrophil count, serum total bilirubin mediated the association between OBS and short/long sleep duration with 5.72, 13.41% proportion of mediation, respectively (both p < 0.001).
Conclusion: OBS is negatively associated with sleep duration. OS and inflammatory biomarkers mediate the relationship.
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1 Introduction

Sleep plays a fundamental role in promoting physical and mental health by allowing the body to recover, repair and grow, and is a multifaceted phenomenon that can be characterized by different dimensions such as duration, timing, efficiency and regularity. Among these dimensions, sleep duration has been the most extensively studied (1). In 2020, 33.2% of adults reported sleeping for less than 7 h per day (2). The American Academy of Sleep Medicine (AASM) and the Sleep Research Society (SRS) have reached a consensus that adults should aim for 7–9 h of sleep per night to achieve optimal health (3, 4). Insufficient sleep has been linked to negative social and health outcomes in the general population, including cancer, cardiovascular disease, anxiety, and all-cause mortality (5, 6). In addition, insufficient sleep can impose an economic burden on society (7). In 2017, the estimated annual cost of insufficient sleep in the United States was between $280 billion and $411 billion (8). Given the significant negative social and personal consequences of insufficient sleep, it is important to identify risk factors and understand potential mechanisms for sleep duration.

Several factors, including depression, daily behaviors, and environmental conditions significantly impact sleep (9). Recent studies have strongly suggested that sleep duration appears to be associated with higher levels of oxidative stress (OS), as expressed by higher levels of serum pro-oxidant/antioxidant balance (10). In fact, previous study has shown that OS affects brain structures involved in the sleep–wake cycle, which can lead to sleep disorders (11). Several studies suggest that OS is the underlying pathophysiological mechanism for developing cardiovascular and neurobehavioral complications in obstructive sleep apnea (12). In addition, animal models have provided important evidence that prolonged wakefulness induces chronic oxidative stress, leading to a failure of antioxidant mechanisms (13). Considering the bidirectional relationship between sleep and oxidative stress, accurately assessing the level of OS is essential for maintaining sleep health. In light of this, we used the Oxidative Balance Score (OBS) as a valid tool to assess OS in our study. OBS was calculated to reflect the overall exposure to both pro-oxidants and antioxidants in diet and lifestyle, with higher scores indicating a predominance of antioxidant over pro-oxidant exposure (14). Numerous studies have demonstrated a significantly negative correlation between OBS and various health conditions, including cancer, hypertension and mortality (15). Based on the results of previous studies, there may be a link between OBS and sleep duration.

Investigating the pathways that may be involved in OBS effects on sleep duration is of increasing interest. Several studies have strongly suggested that abnormal inflammatory states may be an under-recognized factor in sleep, as indicated by increased production of pro-inflammatory cytokines and oxidative biomarkers (16). Moreover, OS and inflammatory processes are positively linked to abnormal sleep (17). A number of studies have shown that OBS can serve as a biomarker for both OS and inflammation (18). A study by Lee et al. indicated that higher levels of OBS were associated with lower levels of inflammatory markers, including C-reactive protein and white blood cell (WBC) count (19). Based on these studies, we hypothesized that low OBS may result in increased markers of OS and inflammation, which may subsequently lead to abnormal sleep duration. However, there is a lack of research examining whether the effects of OBS on sleep duration is mediated by OS and inflammatory markers.

Therefore, to address this knowledge gap, we used recent cross-sectional data from NHANES (n = 15,591) to examine the association between OBS and sleep duration. Furthermore, we aimed to investigate whether the relationship between OBS and sleep duration was mediated by OS and inflammatory markers.



2 Methods


2.1 Study population

This study analyzed NHANES data (2007–2018). NHANES is an ongoing, cross-sectional, and nationally representative survey in the United States. It is a major program of the National Center for Health Statistics (NCHS) that evaluates the health and nutritional status of the non-institutionalized US civilian population. It was approved and sponsored by the Centers for Disease Control and Prevention (CDC). The survey collected data biennially using a complex, multistage probability sampling procedure. NCHS-provided survey weights account for differential selection and nonresponse probabilities, allowing for the generation of nationally representative estimates. NHANES employs a computer-assisted personal interviewing (CAPI) system to conduct household interviews. This involved face-to-face interviews at participants’ residences, followed by a physical examination at a mobile examination center (MEC), where blood and urine samples were obtained. The NHANES was reviewed and approved by the NCHS Research Ethics Review Board, and all participants provided informed consent. The data from NHANES is available to the public. Additional information on the collection and analysis of the survey data can be found elsewhere.

The cycles involved a total of 59,842 participants. 42,057 participants who lacked information on OBS components or sleep duration were excluded. Additionally, individuals were excluded if (1) they were less than 18 years old (n = 519), and (2) they lacked data on covariates or biomarkers (n = 1,675). Ultimately, a total of 15,591 participants were included (Figure 1).

[image: Flowchart detailing participant selection from NHANES 2007-2014. Initially, 59,842 participants were extracted. Exclusions included missing oxidative balance score data (42,248), missing sleep time data (30), age under 20 years (349), and missing demographic information (1,376). Final eligible participants for analysis totaled 15,839.]

FIGURE 1
 Flowchart of the sample selection from NHANES.




2.2 Oxidative balance scores

The OBS for each participant was calculated using the method described in the relevant literature (5). This method selected 16 dietary components and four lifestyle components on the basis of prior knowledge of their association with oxidative stress. The components of OBS have been classified into four groups: (1) dietary antioxidants (fiber, β-carotene, riboflavin, niacin, vitamin B6, total folate, vitamin B12, vitamin C, vitamin E, calcium, magnesium, zinc, copper, and selenium), (2) dietary pro-oxidants (total fat and iron), (3) lifestyle antioxidants (physical activity), and (4) lifestyle pro-oxidants (alcohol, smoking, and body mass index [BMI]). All dietary components were categorized into tertiles based on their distribution in the study population. The scoring system assigned 0–2 points to participants in tertile 1 to 3 for dietary antioxidants; regarding dietary pro-oxidants, participants in tertile 1 were awarded 2 points, while those in tertile 3 received 0 points. The scores were then reversed accordingly. The scores for the lifestyle components have been calculated as follows: Physical activity was categorized as low (<150 min per week) = 0 points, moderate (150–300 min per week) =1 point, and high (>300 min per week) = 2 points (20). For alcohol, 0–2 points were assigned according to sex-specific levels of alcohol consumption. Smoking was assessed by measuring cotinine levels and scored on a scale of 0 to 2 for groups ranging from tertile 3 to tertile 1. BMI was calculated as weight (kg) divided by height squared (m2) and categorized as normal (< 25 kg/m2) = 2 points, overweight (25–29.9 kg/ m2) = 1 point, or obese (≥ 30 kg/m2) = 0 points. Finally, the OBS was calculated by summing the points assigned to each component. The scores ranged from 0 to 40 points. Furthermore, the dietary OBS was calculated by summing the scores of the 16 dietary components. Similarly, the lifestyle OBS was calculated by summing the scores of the four lifestyle components.



2.3 Assessment of sleep duration

Sleep duration was assessed by two questions that were consistent across the NHANES surveys: “How much sleep do you usually get at night on weekdays or workdays (hours)?” The response categories were represented by integers ranging from 1 to 12. A score of 12 indicates that the individual slept for 12 h or more. The optimal amount of sleep for adults is defined as 7–8 h per night by the American Academy of Sleep Medicine and Sleep Research Society (21). Thus, sleep duration was categorized into three groups: short (≤ 6 h), normal (7–8 h) and long (≥ 9 h).



2.4 Laboratory measures

Based on the potential association of oxidative stress, we included methylmalonic acid (MMA), bilirubin (BR), serum uric acid (SUA) and 25(OH)D3, and considering the potential inflammation association, we included neutrophil (NEU) and white blood cell (WBC). MMA was measured by gas chromatography–mass spectrometry (GC/MS) in 1999–2004 and by liquid chromatography-mass spectrometry (LC–MS/MS) in 2011–2014. Evaluation of MMA measurement by two methods showed excellent correlation and consistency (Deming regression, Bland–Altman analysis) for GC/MS and LC–MS/MS detection, supporting that MMA data measured by both protocols can be combined for analysis. BR (μmol/L) was measured using a timed endpoint diazo method on Beckman Synchron LX20. A colorimetric analysis at 520 nm at a fixed time interval was conducted by LX20. SUA was measured using a timed endpoint method on a Beckman UniCel DxC800 Synchron or a Beckman Synchron LX20 (Beckman Coulter, Inc., Brea, CA, USA). 25(OH)D3 were measured using high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS). The reportable ranges of serum concentrations were 2.23–300 nmol/L for 25(OH)D3. WBC were measured using the complete blood count with the 5-part differential method during all four study periods. However, there was a change in the hematology analyzer used, with the Beckman Coulter MAXM being used in 2007–2012 and the Beckman Coulter DXH 800 being used in 2013–2018. NEU were determined by using the Beckman Coulter MAXM upon receipt of samples of MECs. The detailed method of obtaining variables mentioned above can be found at1.



2.5 Covariates

The study obtained sociodemographic information, including age, sex (female or male), race/ethnicity (Mexican-American, Non-Hispanic White, Non-Hispanic Black, and other), education (less than high school, high school, and college or higher), marital status (married or other), and family income-to-poverty ratio, and the combined diseases (included diabetes, hypertension, and tumor).



2.6 Statistical analysis

All analyses included sample weights to account for the complex sampling design of the NHANES. The baseline characteristics of the study participants were reported as mean and standard deviations (SD) for continuous variables and cases (n) and percentages (%) for categorical variables. OBS was modeled both as a continuous variable and tertiles, with tertile 1 as the reference group. Odds rations (ORs) and 95% confidence intervals (CIs) for the association between OBS and risk of abnormal sleep duration were estimated using multivariable logistic regression models. Three models were established: Model 1 was adjusted for no covariates; Model 2 was adjusted for sex, age, race, hypertension, diabetes, tumor, while Model 3 was adjusted for the variables in Model 2 plus education, marital status, and annual family income. Collinearity diagnosis results indicated that there is no multi-collinearity between the variables in Model 3. The dose–response association between OBS and risk of abnormal sleep duration was assessed using restricted cubic spline with a spline smoothing function. We further explored the association between dietary OBS/lifestyle OBS and abnormal sleep duration risk.

Mediation models were used to estimate the potential mediating effects of oxidative stress and inflammatory markers on the association between OBS and sleep duration. The individual mediating effect of oxidative stress and inflammation markers was estimated using the R package mediation. All mediation analyses were adjusted for age, sex, race/ethnicity, education, marital status, family income-to-poverty ration, health insurance, and chronic conditions. Indirect effect size (βindirect), direct effect size (βdirect), total effect size (βtotal), proportion mediated (PM), and are presented in our results. We presented only biomarkers with PM > 4% in this study.

All statistical analyses were performed using SPSS for Windows, version 25.0 (SPSS) and R statistical package (R Project for Statistical Computing). Two-sided p values <0.05 were considered statistically significant.




3 Results


3.1 Basic characteristics of study participants

Among the 15,591 participants, 44.73% developed abnormal sleep duration. The mean age of the participants was 49.41 ± 17.36 years, with 8,173 (52.42%) males and 7,418 (47.58%) females. Of these participants, 7,572 (48.57%) were Non-Hispanic White, 8,743 (56.08%) had a college degree or above, 8,196 (52.57%) were married, the mean poverty-to-income ratio was 2.62 ± 1.64. Participants with higher OBS levels were more likely to be younger, male and have a higher proportion of non-black. They were also more often having a college degree or above, getting married and having a higher proportion of poverty-to-income ratio. Participants in OBS tertile 3 had the highest rate of achieving the recommended sleep duration. Notably, participants with higher OBS levels have lower MMA (Table 1).



TABLE 1 Baseline characteristics of participants according to the oxidative balance score’s tertile.
[image: A comprehensive data table shows characteristics of a population divided into three groups based on tertiles (T1, T2, T3), with total participants numbering 15,591. Categories include age, gender, race/ethnicity, education, marital status, pit ratio, sleep duration, and biomarkers like methylmalonic acid, cholesterol levels (TC, LDL-C, HDL-C), triglycerides (TG), HbA1c, and fasting blood glucose (FBG). Health conditions like hypertension, diabetes, and tumor presence are also listed alongside significant p-values indicating statistical significance.]



3.2 Association between OBS and risk of abnormal sleep duration

Figure 2 displayed the association between OBS and sleep duration based on logistic regression. The results indicate that individuals in the highest OBS tertile had a lower odds of short/long sleep duration. And the protective effect tended to increase with higher OBS values. Compared with OBS tertile 1, the ORs (95% CIs) of incident short sleep duration were 0.78 (0.72–0.86) and 0.72 (0.67–0.79) (both p < 0.01) for OBS tertile 2 and 3, respectively. And the ORs (95% CIs) of incident long sleep duration were 0.83 (0.73, 0.95) and 0.66 (0.57, 0.75) (both p < 0.01) for OBS tertile 2 and 3 after adjusting for multivariate variables in model 3. Stratified analyses by age, gender, and educational level yielded results consistent with those previously reported (Table 2).

[image: Forest plot showing odds ratios (OR) and confidence intervals (CI) for three tiers (T1-T3) across different models (Model 1-3) for OBS, Dietary OBS, and Lifestyle OBS. Short and long duration columns compare OR values, with T1 as reference. Each model demonstrates variations in OR for tiers T2 and T3.]

FIGURE 2
 Logistic regression analyses of the association between OBS, Dietary OBS, Lifestyle OBS and sleep duration in US adult population. Adjust for: Model 1, no adjusted; Model 2, sex, age; Model 3, Model 2 plus race, education, marital status, and annual family income.




TABLE 2 Crude and adjusted models showing the relationship between OBS and sleep duration in US adult population.
[image: Table showing odds ratios (OR) with 95% confidence intervals (CI) and p-values for different factors such as gender, age, and education across three models for short and long sleep durations. Each model adjusts for additional variables. Model 1 is unadjusted, Model 2 adjusts for sex, age, race, hypertension, diabetes, and tumor, while Model 3 adds education, marital status, and family income. Reference categories and specific OR values are listed for subgroups, such as male and female, age under and over fifty, and education levels. Significant p-values are all below 0.01.]

In the subsets analysis of OBS, participants in the highest tertile of dietary OBS were found to have lower odds of short sleep duration (OR: 0.76; 95% CI: 0.69–0.82; p < 0.001) and long sleep duration (OR: 0.72; 95% CI: 0.63–0.82; p < 0.001) after adjusting for all covariates. Similarly, participants in the highest tertile of lifestyle OBS had lower odds of short sleep duration (OR: 0.80; 95% CI: 0.73–0.88; p < 0.001) and long sleep duration (OR: 0.82; 95% CI: 0.71–0.95; p < 0.001; Figure 2; Supplementary Table S1).

Dose response presents a linear trend in the association between OBS and short/long sleep duration (p for non-linearity = 0.69, p for non-linearity = 0.94, both p < 0.01). The cut-off value of the OBS that cause abnormal sleep duration were 22.95. Similarly, the dietary OBS, lifestyle OBS and short/long sleep duration also presents a linear trend (p for non-linearity = 0.17, p for non-linearity = 0.56; p for non-linearity = 0.61, p for non-linearity = 0.69, both p < 0.01). The cut-off value of the dietary OBS, lifestyle OBS that cause abnormal sleep duration were 17.92 and 5.00, respectively, (Figure 3).

[image: Three graphs display the relationship between Score and Odds Ratio (OR) with confidence intervals for OBS categories. In all graphs, the y-axis represents OR with a reference line at 1.0, while the x-axis represents Score. Graph A shows decreasing OR with a shaded confidence interval; red and blue lines, with total P-values both less than 0.01. Graph B depicts similar trends for Dietary OBS, with P-values less than 0.01 and 0.17 for total and non-linearity. Graph C illustrates Lifestyle OBS, showing declining OR with overlapping confidence intervals, having total P-values less than 0.01.]

FIGURE 3
 Dose–response associations between OBS, Dietary OBS, Lifestyle OBS and short/long sleep duration in model 3. The red line represents short sleep, while the blue line represents long sleep. The solid black lines correspond to the central estimates, and the gray-shaded regions indicate the 95% confidence intervals.




3.3 Mediation analyses with separate mediators between OBS and sleep duration

Mediation analyses showed that NEU, WBC and the 25(OH)D3 had significant mediating effects on the association between OBS and short sleep duration, with 5.03, 5.72 and 4.12% proportion of mediation respectively, while the IDE was 1.001 (1.001–1.002), 1.002 (1.001–1.002) and 1.001 (1.000–1.002), (all p < 0.001). Furthermore, the mediation analyses showed that NEU, WBC counts, MMA, BR and SUA had significant mediating effects on the association between OBS and long sleep duration, with 9.98, 8.65, 4.99, 13.41 and 8.61% proportion of mediation respectively, while the IDE was 1.003 (1.002–1.004), 1.002 (1.001–1.003), 1.001 (1.000–1.002), 1.003 (1.002–1.005) and 1.002 (1.001–1.003), (all p < 0.001; Table 3).



TABLE 3 Mediation analyses with separate mediators between OBS and sleep duration in US adult population, NHANES 2007–2018.
[image: Table displaying the mediation effects of various biomarkers (NEU, WBC, 25(OH)D₃, BR, SUA, MMA) during short and long durations. Columns include indirect effect (IDE), direct effect (DE), total effect (TE), and percentage mediated (PM), each with confidence intervals. Short duration shows all biomarkers with identical total effect confidence intervals of 1.030 (1.024–1.036). Long duration results vary, with BR showing the highest percentage mediated at 13.41%. Detailed definitions of abbreviations are provided at the bottom.]




4 Discussion

In this study, we examined the correlation between OBS and sleep duration in a large, nationally representative sample of US adults. Our main findings indicate a strong association between higher OBS and a lower risk of short/long sleep duration. Participants were more inclined to have a recommended sleep duration when OBS > 22, dietary OBS > 17, or lifestyle OBS > 5, suggesting that an antioxidant diet and a healthy lifestyle could be beneficial in improving sleep. Furthermore, oxidative stress (MMA, BR, SUA and 25(OH)D3) and inflammatory biomarkers (NEU, WBC) were founded to mediate the relationship between OBS and sleep duration. Our study is the first to investigate the relationship between OBS and sleep duration with recommended OBS score for dietary OBS, lifestyle OBS and total OBS, which may provide a new research basis for exploring the relationship between sleep, oxidative stress and inflammation, and a new guide for improving sleep in future studies.

The OBS is a composite score that reflects an individual’s antioxidant status by combining dietary and lifestyle factors (14). Several studies have evaluated the association between OS and sleep duration. A cohort study that identified a correlation between shorter sleep duration and increased serum pro-oxidant-antioxidant balance (22). Another study based on NHANES data reported that serum antioxidant status, particularly total carotenoids, can help poor sleepers improve their sleep duration due to their strong antioxidant properties (23). Our findings are consistent with those of previous studies, this study found that participants in OBS tertile 3 had lower odds of both short sleep duration (OR: 0.72; 95% CI: 0.67–0.79; p < 0.01) and long sleep duration (OR: 0.66; 95% CI: 0.57–0.75; p < 0.01) compared to those in tertile 1, after adjusting for all covariates. A linear relationship between OBS and the risk of short/long sleep duration was demonstrated using a restricted cubic spline. These findings indicate an important role for oxidative balance in sleep pathogenesis and progression.

Moreover, numerous studies have reported an inverse correlation between dietary antioxidants and sleep duration. In a cohort study of women in the UK, it was found that short sleepers consumed fewer fruits and vegetables (FV) and had lower levels of FV biomarkers, compared to the normal sleepers (24). Based on the NHANES data from 2005 to 2016, Ikonte et al. discovered that insufficient sleep was linked to a higher likelihood of nutrient inadequacy, particularly in antioxidant nutrients such as vitamins C and E, as well as lycopene (25). Additionally, several studies have examined the influence of lifestyle factors on sleep. A meta-analysis of daytime movement behaviors, found that a higher proportion of physical activity (PA) during the day is associated with a longer sleep duration (26). Moreover, middle-aged individuals who participated in moderate to vigorous physical activity were less likely to report a sleep disorder diagnosis than those who were less active (27). In our study, it was also found that both dietary OBS and lifestyle OBS were negatively and linearly associated with the risk of abnormal sleep duration. Participants in the highest tertile of dietary OBS were found to have lower odds of short sleep duration (OR: 0.76; 95% CI: 0.69–0.82) and long sleep duration (OR: 0.72; 95% CI: 0.63–0.82). Similarly, participants in the highest tertile of lifestyle OBS had lower odds of short sleep duration (OR: 0.80; 95% CI: 0.73–0.88) and long sleep duration (OR: 0.82; 95% CI: 0.71–0.95). Several studies have reported negative associations between OBS and inflammatory biomarkers. Sohouli et al. reported that individuals with higher OBS had reduced levels of F2-isoprostanes (FIP) and C-reactive protein (CRP) by 80 and 40%, respectively (28). However, previous studies were mostly observational, without exploring the underlying mechanisms.

Furthermore, the potential mediating effect of laboratory-based OS and inflammatory biomarkers between OBS and sleep duration was measured with mediation analyses in this study. The mediation analysis revealed that the association between OBS and short sleep duration may be mediated by NEU (5.03%), WBC (5.72%), and the 25(OH)D3 (4.12%). Additionally, NEU (9.98%), WBC (8.65%), MMA (4.99%), BR (13.41%) and SUA (8.61%) may mediate the association between OBS and long sleep duration. Previous study confirmed a bidirectional relationship between sleep and OS: OS triggers sleep, which then acts as an antioxidant for the brain (29). Changes in OS are positively related to loop gain and apnoea severity during non-rapid eye movement (NREM) sleep (30). Furthermore, the brain is more vulnerable to damage caused by increased ROS compared to other organs in the body. Studies have demonstrated that increased ROS production and depletion of antioxidant defenses are responsible for changes in brain structure (31). Additionally, a systematic review provides evidence for the antioxidant function of sleep in both brain and non-brain areas (32). Sleep is also associated with various inflammatory process, several inflammatory molecules and pathways can modulate sleep (33). Short sleep seems to be associated with an increase in inflammation and a higher risk of infection (34).

As previously mentioned, OS and inflammation are significant contribute to sleep disorders, including abnormal sleep duration. In fact, NEU, WBC count, MMA, 25(OH)D3, BR and SUA were associated with abnormal sleep duration in our study. It should be noted that inflammation can both increase and disrupt sleep duration and intensity (35). Inflammatory molecules in both central nervous system and periphery can alter sleep (33). Changes in hematology data such as WBC, NEU are common to virtually all inflammatory conditions, as well as sensitive indicators of inflammation (36). In recent years, WBC and NEU have received increasing attention as they are predictive of several disorders such as rest-activity circadian rhythm (37). Likewise, a cross-sectional study of US adults discovered that sedentary behavior was statistically associated with sleep disturbance, which was mediated by WBC and NEU (38). BR has been shown to have antioxidant, anti-inflammatory, and immunosuppressive effects (39). Several studies have reported the temporal association between BR and rapid-eye-movement (REM) sleep in the population and in different species (40). The hypothesis that BR plays a role in the regulation of REM sleep is based on the responses of BR to light (41). Due to the biological effects of vitamin D on various body systems, there has been a growing amount of interest in its potential role in sleep regulation. The majority of relevant epidemiological studies typically measure 25(OH) D3 to determine the body’s vitamin D levels. Koshi et al. discovered that individuals in the first quartile group with the lowest 25(OH)D3 concentrations were significantly more likely to have poor sleep quality in the adult population of Japan (42). SUA is the end product of purines and helps protect nerve cells through free radical scavenging and extracellular antioxidant activity (43). A recent study found that in patients with REM sleep behavior disorder, the positive relationship between the SUA and the functional connectivity of the substantia nigra with the left lingual gyrus was reduced, which was elucidated from a pathophysiological perspective (44). In addition, Li et al. found that SUA affect cognitive function in patients with idiopathic rapid eye movement sleep behavior disorder, which could contribute to its antioxidant and neuroprotective roles (45). MMA, a dicarboxylic acid, is primarily a by-product of propionate metabolism. It can be used as a diagnostic tool for hereditary MMA and to assess vitamin B12 status (46). It is noteworthy that there is increasing evidence of the key role of MMA in mitochondrial dysfunction and oxidative stress. According to Yuan et al., MMA can impact the central nervous system, resulting in structural changes or abnormal signals on brain MRI (47). Additionally, a study has revealed that low plasma MMA levels may be linked to white matter injury in mice experiencing long-term intermittent hypoxia, and potentially in those with obstructive sleep apnea (48). Consistent with these findings, we discovered that MMA mediates the association between OBS and long sleep duration. This can explain the relationship between oxidative stress and sleep at a mechanistic level. These available studies suggest that OS and inflammatory markers may act as mediators in the association between OBS and sleep duration.

This study has several strengths. Firstly, the individual’s antioxidant status was assessed using the OBS, a composite score that combines dietary and lifestyle factors. Previous studies on the relationship between diet and sleep have typically used the Dietary inflammatory index (DII) (49). However, it should be noted that the DII only responds to inflammatory states. In contrast, the OBS responds not only to inflammation, but also to oxidative stress. It assesses the impact of lifestyle on sleep in addition to diet, making this index a more reasonable guide for sleep studies. Secondly, we used a national population with a sample size that was sufficiently large. Thirdly, we evaluated the relationship between OBS and sleep duration, and also evaluated the relationship between dietary/lifestyle OBS and sleep duration, allowing a better evaluation of the role played by dietary and lifestyle habits on sleep duration. Finally, mediation analyses were used to explore the potential factors affecting OBS and sleep duration. This was done to better reveal the mechanisms underlying the relationship between OBS and sleep duration.

There are limitations to this study. Firstly, the duration of sleep is self-reported during the interview without any objective measurement, which may introduce information bias and contribute to the variability of the results, the analysis may have been affected by residual and unmeasured confounding as well. Secondly, we used the average of two 24-h recalls for estimation of dietary components, which may introduce bias. Thirdly, all measurements were taken only at baseline, but during long-term follow-up, participants’ lifestyles and diets may change over time. Finally, our study is a cross-sectional analysis and that it is difficult to draw conclusions about the direction of the effect, as reverse causation and residual confounding cannot be excluded. Further prospective randomized controlled research is required to confirm our findings.



5 Conclusion

The study revealed that higher OBS was linked to a lower likelihood of abnormal sleep duration. In addition, the association between OBS and sleep duration was found to be mediated by NEU count, WBC count, MMA, 25(OH)D3, BR and SUA, which indicated the mechanism of sleep duration involved in OS and inflammatory response. Future prospective and experimental studies are required to confirm this association and its underlying mechanisms.
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Background: Micronutrient research on Graves’ disease (GD) is limited and controversial. Therefore, in order to explore possible correlations between genetically predicted amounts of six micronutrients [Copper (Cu), Iron (Ir), Zinc (Zn), Calcium (Ca), Vitamin C (VC), and Vitamin D (VD)] and GD risk, we carried out Mendelian randomization research (MR).
Methods: We conducted an MR analysis using genome-wide association studies (GWAS) from people of European ancestry and aggregated information from UK Biobank to provide insight into the relationships between micronutrients and GD. The causal link between exposure and outcome was tested using three different techniques: Inverse Variance Weighted (IVW), MR-Egger, and Weighted Median Estimator (WME). The heterogeneity of outcomes was also assessed using Cochran’s Q statistic, and pleiotropy was assessed by MR-Egger intercept, MR-PRESSO.
Results: IVW analyses showed evidence of no significant effect of genetically predicted micronutrient concentrations on GD, except for Cu. (Cu: OR = 1.183, p = 0.025; Ir: OR = 1.031, p = 0.794; Zn: OR = 1.072, p = 0.426; Ca: OR = 1.040, p = 0.679; VC: OR = 1.011, p = 0.491; VD: OR = 0.902, p = 0.436). Significant heterogeneity was observed in Ca and VD (Ca: Q = 264.2, p = 0.002; VD: Q = 141.42, p = 0.047). The MR-Egger intercept method identified horizontal pleiotropy between serum Ca levels and GD (MR-Egger intercept = −0.010, p = 0.030), with no similar findings for other micronutrients.
Conclusion: MR analysis showed a possible causal relationship between the genetically predicted concentration of Cu and the risk of GD, whereas the genetically predicted concentrations of Ir, Zn, Ca, VC, and VD may not be causally related to the risk of GD.

Keywords
 Mendelian randomization; Graves’ disease; micronutrients; copper; iron; zinc; calcium; vitamins


1 Introduction

Graves’ disease (GD), an autoimmune thyroid disease (AITD), is the most prevalent cause of hyperthyroidism, potentially resulting in goiter, protruding eyeballs, pretibial mucous edema, and an elevated metabolic state, all of which pose significant health risks (1, 2). Thyroid Stimulating Hormone Receptor Antibody (TRAb) is the primary immunological characteristic of GD (2, 3). Risk factors for GD include genetic predisposition, environmental factors, and immunological factors (4). There is now considerable evidence suggesting the potential significance of micronutrients in preventing and mitigating GD, indicating that they may play a pivotal role in thyroid physiology and pathology (5, 6). Micronutrients may play a crucial role in the thyroid’s physiological and pathological activities.

Research has revealed the importance of critical metals for several typical physiological processes and activities, including copper (Cu), iron (Ir), zinc (Zn), and calcium (Ca). Variations in the levels of these essential metals have the potential to affect the risk of thyroid disease, including hyperthyroidism (7). Previous studies have also shown that antioxidant supplementation (vitamins C and E, beta-carotene, and selenium) in treating GD results in faster normalization of thyroid function (8). Furthermore, certain studies have postulated that decreased vitamin D levels may be connected to an increased risk of Graves’ disease (9). Nonetheless, there is a scarcity of clear data regarding the impact of vitamin D levels on thyroid function in healthy individuals (10).

Cu, being one of the most abundant minerals in the body, plays a pivotal role in the functioning and maintenance of the immune system. During thyroid metabolism, particularly in the processes of hormone production and absorption, Cu exerts an influence on the production and absorption of Thyroxine (T4) by modulating Ca levels within the body (11). Concerning the association between serum Cu and thyroid autoimmunity, existing research findings appear to be inconsistent. A positive correlation has been reported between elevated serum Cu concentrations and thyroid autoantibody presence in some studies (12). Nonetheless, another study observed no significant association between Cu levels and thyroid autoimmune inflammation or thyroid autoantibodies (13).

Ir, an essential element for human health, plays a pivotal role in redox reactions and oxygen transportation in the body. Iron homeostasis is closely related to thyroid function, with studies finding that serum iron levels positively correlate with Free Triiodothyronine (FT3) and Free Thyroxine (FT4) levels (14). Nevertheless, literature reports also indicate a positive correlation between iron and FT3, but not with FT4, with the most significant positive correlation observed in the iron-to-FT3:FT4 ratio (7). At present, the research on the relationship between Ir and GD is not enough.

Zn is indispensable to human health, and numerous autoimmune diseases are closely correlated with pathological alterations in Zn levels. This correlation significantly impacts the proper orchestration of signaling, leading to profound changes in immune response, cell differentiation, and functionality (15). A cross-sectional study has demonstrated a notable association between serum Zn concentrations and thyroid volume in patients suffering from nodular goiter. Additionally, a similar significant correlation was identified between serum Zn levels and thyroid autoantibody levels among patients diagnosed with AITD. Notably, even among individuals with normal thyroid function, a significant correlation was evident between serum Zn levels and FT3 concentrations (16).

Ca ions are well-established second messengers integral to a diverse array of signal transduction processes (17). The frequency of hypercalcemia among those with hyperthyroidism is 38% (18). A study in rats found that hyperthyroidism leads to structural and functional changes in the hepatic mitochondrial calcium transport system, thereby affecting calcium accumulation and retention capabilities (19). Observational studies have not uncovered a direct correlation between Ca and GD.

VC is integral to the cellular functions of both the innate and adaptive immune systems. Its antioxidant properties function as cofactors for a range of biosynthetic and gene-regulating enzymes, critically contributing to immunomodulatory mechanisms. These mechanisms encompass neutrophil migration to infection sites, augmented phagocytosis, oxidant generation, and microbial elimination (20). Prior research has investigated the level of VC in patients with thyroid disease and its potential influence on thyroid drug absorption. Nonetheless, the available evidence pertaining to the association between plasma VC, GD, and GD therapy remains limited.

VD primarily serves as a regulator of mineral homeostasis. Notably, recent studies have established a strong correlation between insufficient VD levels and AITD, particularly Hashimoto’s thyroiditis (HT) and GD (21, 22). Currently, the causality between VD deficiency and AITD remains ambiguous; specifically, it is uncertain whether VD deficiency is a trigger for AITD or if thyroid dysfunction leads to lower VD levels (23).

The synthesis and metabolism of thyroid hormones rely on a diverse array of micronutrients for maintaining normal thyroid function. These micronutrients coexist in a state of dynamic equilibrium, wherein their interactions are crucial. However, this delicate balance can be perturbed by an imbalance in the quantity of one or multiple components, potentially leading to dysfunction of the thyroid gland and a heightened susceptibility to autoimmune thyroid disorders (24, 25).

The causal relationship between micronutrients and thyroid disease is not yet clear, but the potential application of micronutrients in the correction of GD disease is gaining attention. Although various studies have established associations between multiple micronutrients and GD, the problem of possible bias caused by confounding factors still cannot be ignored. In addition, residual confounding and reverse causality present in traditional observational studies pose challenges in quantifying causal effects. Rigorously designed randomized controlled trials (RCTs), acknowledged as the gold standard for causal inference, aid in minimizing the impact of potential confounders. However, ethical considerations, external validity limitations, challenges in double-blinding, and interference from internal and external factors, coupled with inadequate statistical power and significant financial/temporal requirements, have hampered the feasibility of conducting RCTs.

Mendelian Randomization (MR) serves as an epidemiological approach for investigating causal links between exposure factors and outcome variables. By harnessing genetic randomization, MR efficiently circumvents potential confounding factors (26). MR analyses leverage single nucleotide polymorphism (SNP) data from independent Genome-Wide Association Studies (GWAS) to conduct SNP-exposure and SNP-outcome association analyses, ultimately yielding causal effect estimates (27). Employing a two-sample MR genetic prediction approach, this study aimed to elucidate potential causal associations between exposures to Cu, Ir, Zn, Ca, VC, VD, and GD, thereby enhancing our understanding of the relationship between micronutrients and GD.



2 Materials and methods


2.1 Research design

GWAS summary statistics about six micronutrients (including Cu, Ir, Zn, Ca, VC, and VD) as well as Graves’ disease were retrieved from publicly accessible data repositories. Subsequently, MR analyses were employed to assess genetic causality (Figure 1).

[image: Diagram illustrating the relationships among instrumental variables, exposure, confounders, and outcomes. Instrumental variables (IV), specifically single-nucleotide polymorphism (SNP) for micronutrients, lead to exposure of micronutrients (copper, iodine, zinc, calcium, vitamin C, vitamin D) with assumptions 1, 2, and 3 denoted. Exposure affects the outcome, Graves' Disease, via Mendelian Randomization (MR). Statistical analysis methods include IVW, WME, and MR-Egger. Sensitivity analyses include Cochran's Q, MR-Egger intercept tests, MR-PRESSO, leave-one-out analyses, and funnel plots. Confounders are linked by dashed lines indicating assumptions 2 and 3.]

FIGURE 1
 Workflow of the MR study demonstrating the link between Graves’ disease and micronutrients. IVW, inverse variance weighted; MR, Mendelian randomization; WME, weighted median, SNP, single-nucleotide polymorphisms.




2.2 Determination of the instrumental variables

Instrumental variables (IVs) are characterized by three pivotal assumptions: (1) Association assumption: There exists a robust correlation between SNPs and exposure factors. (2) Independence assumption: The SNP remains unaffected by confounding factors. (3) Exclusivity assumption: The SNP solely influences the outcome via exposure factors (27).

GWAS pooled data for Cu, Ir, Zn, Ca, VC, and VD were screened for statistically significant SNPs (p < 5 × 108, LD R2 < 0.001, genetic distance = 10,000 KB). To uphold the initial hypothesis of Mendelian Randomization, requiring a strong correlation between IVs and exposure, weak IVs were identified by calculating the F-statistic (F = bet2/se2) for each SNP. An F-value greater than 10 suggests the absence of weak IVs (28). As the SNPs employed in MR adhere to the principle of random allele transmission from parents to offspring and are unlikely to be subject to the environment, it is plausible to assume that IVs are independent of confounders, thereby fulfilling the independence assumption of MR (27).

Furthermore, the study examined horizontal pleiotropy using MR-Egger intercept analysis. A p-value above 0.05 suggests no horizontal pleiotropy, validating the exclusivity assumption and confirming the IVs sole association with the outcome via the exposure factor (29).



2.3 Data extraction

In this study, we searched Open GWAS for statistical summary data related to micronutrient cycling concentrations as exposure. For Cu circulating concentrations, GWAS summary data encompassed 2,603 European individuals, revealing 2 SNPs strongly associated with Cu levels (Supplementary Table S1). In the case of Ir circulating concentrations, the dataset comprised 23,986 individuals of European ancestry, identifying 3 significant SNPs (Supplementary Table S2). Regarding Zn circulating concentrations, data encompassed 2,603 European individuals, identifying 2 significant SNPs (Supplementary Table S3). Ca circulating concentrations were assessed in 315,153 individuals of European descent, uncovering 212 significant SNPs (Supplementary Table S4). VC circulating concentrations were examined in 291 European individuals, revealing 68 significant SNPs (Supplementary Table S5). Finally, VD circulating concentrations were investigated in 496,946 European individuals, identifying 117 significant SNPs (Supplementary Table S6). As for outcomes, GWAS summary statistics for GD included 458,620 European individuals, sourced from the UK Biobank database.



2.4 MR analyses

We utilized three MR methods: Inverse Variance Weighted (IVW), MR-Egger, and Weighted Median Estimator (WME), to evaluate the causal link between micronutrients and GD risk. IVW, the main analytical method, provides unbiased causal estimates without horizontal pleiotropy and is considered the most informative. Complementing IVW, MR-Egger, and the WME offer more robust estimates under less stringent conditions. MR-Egger is effective in yielding causal estimates in the presence of some horizontal pleiotropy, while WME has a lower sensitivity to outliers and measurement errors (30, 31).



2.5 Sensitivity analyses

Heterogeneity was evaluated via Cochran’s Q for the IVW method, indicating statistical significance at p < 0.05 (32). Horizontal pleiotropy was assessed using the MR-Egger intercept method and the MR-PRESSO technique, with significance set at p < 0.05 (29). MR-PRESSO is comprised of three components: (1) Identification of horizontal pleiotropy, (2) Correction of horizontal pleiotropy via outlier elimination, and (3) Analysis of causal estimates, both before and following outlier correction, to ascertain the presence of any disparities. The leave-one-out methodology was implemented to evaluate the impact of specific SNPs on the outcomes of MR analyses (32).

The MR analyses were performed using the R packages “TwoSampleMR” and “MRPRESSO” in the R software environment (v4.1.1).




3 Results


3.1 Selection of genetic instrumental variables

Following stringent quality control measures, six genetic instruments were developed for the current study. These include: (1) Related datasets of exposure Cu and outcome GD were combined, encompassing 2 SNPs for analysis. (2) Datasets of exposure Ir and outcome GD were combined, including 3 SNPs for analysis. (3) The combination of exposure Zn and outcome GD datasets encompassed 2 SNPs for analysis. (4) Following the integration of exposure Ca and outcome GD datasets and the removal of eight palindromic sequences (rs12626330, rs1763519, rs296849, rs35095338, rs4517550, rs4744854, rs490275, rs7839633), 204 SNPs were ultimately included for analysis. (5) The integration of exposure VC and outcome GD datasets yielded 68 SNPs for subsequent analysis. (6) Upon the combination of exposure VD and outcome GD datasets, with the exclusion of one palindromic sequence (rs7955128), 116 SNPs were ultimately incorporated for analysis.



3.2 MR analysis results

A two-sample MR study investigated the causal relationships between SNPs associated with Cu, Ir, Zn, Ca, VC, and VD and the outcome of interest, GD, using genetic data from European populations. To achieve this, three methods were employed to estimate instrumental variables, namely IVW, WME, and MR-Egger (Table 1).

	1. A significant causal relationship was observed between Cu levels and GD, as indicated by the IVW analysis (OR 1.183, 95% CI 1.020–1.372, p = 0.025).
	2. No significant causal relationship was detected between Ir levels and GD using IVW (OR 1.031, 95% CI 0.815–1.305, p = 0.794), MR-Egger (OR 1.043, 95% CI 0.503–2.162, p = 0.927), and WME (OR 1.027, 95% CI 0.835–1.263, p = 0.796).
	3. No significant causal association was found between Zn levels and GD, according to the IVW analysis (OR 1.072, 95% CI 0.903–1.272, p = 0.426).
	4. No significant causal relationship was observed between Ca levels and GD, despite the MR-Egger (OR 1.489, 95% CI 1.026–2.162, p = 0.037) and WME (OR 1.419, 95% CI 1.069–1.884, p = 0.015) analyses indicating potential significance. However, the IVW analysis (OR 1.040, 95% CI 0.861–1.256, p = 0.679) did not support this finding.
	5. No significant causal relationship was observed between VC levels and GD, as evidenced by the IVW (OR 1.011, 95% CI 0.978–1.045, p = 0.491), MR-Egger (OR 1.021, 95% CI 0.947–1.101, p = 0.580), and WME (OR 0.993, 95% CI 0.946–1.044, p = 0.809) analyses.
	6. No significant causal association was detected between VD levels and GD, according to the IVW (OR 0.902, 95% CI 0.747–1.133, p = 0.436), MR-Egger (OR 1.127, 95% CI 0.817–1.555, p = 0.465), and WME (OR 1.231, 95% CI 0.915–1.656, p = 0.169) assessments.



TABLE 1 Mendelian randomization estimates for the association between Graves’ disease and micronutrient.
[image: Table showing the association between various nutrients and Graves' disease using Mendelian randomization analysis. It includes the number of SNPs, IVW odds ratios with confidence intervals, p-values, Cochrane's Q statistic and p-values, and MR-Egger intercepts with p-values. Results include nutrients like copper, iron, zinc, calcium, vitamin C, and vitamin D. Notable findings are the IVW odds ratio of copper with Graves' disease (1.183, p=0.025) and significant Cochrane's Q for calcium and vitamin C. The table also notes insufficient SNPs for MR-Egger analysis in some cases.]

We found little evidence that genetically predicted Ir, Zn, Ca, VC, and VD concentrations other than Cu had a significant effect on GD risk.



3.3 Sensitivity analysis results

In the sensitivity analysis phase, the heterogeneity of various micronutrient-related SNPs concerning GD impact studies was initially evaluated using Cochran’s Q test. The test revealed that, except for Ca and VD, SNPs associated with other micronutrients, including Cu, Ir, Zn and VC, did not exhibit significant heterogeneity. The specific results are as follows: Cu: Q = 0.043, p = 0.835; Ir: Q = 2.980, p = 0.225; Zn: Q = 1.632, p = 0.201; Ca: Q = 264.2, p = 0.002; VD: Q = 141.42, p = 0.047; VC: Q = 58.602, p = 0.757. Despite the observed heterogeneity in certain micronutrients, we have accounted for this to some extent by using the IVW random effects model for our analysis. Therefore, our conclusions are still based on our primary analysis method, the IVW method.

Utilizing the MR-Egger intercept method, we assessed the extent of horizontal pleiotropy and observed a significant association between serum Ca and the outcome of interest, GD (MR-Egger intercept = −0.010, p = 0.030). However, the outlier value (rs7108820) was subsequently excluded via the application of the MR-PRESSO technique. A statistical test was performed after the level of pleiotropy was corrected to ascertain the significance of the difference between the causal estimations before and after the correction (p = 0.815), further disproving a causal association between Ca and GD. p-values obtained using the MR-Egger intercept approach for the other micronutrients were consistently above 0.05, meaning that no pleiotropy was found.

In addition, we reconfirmed the reliability of our results by examining forest plots, funnel plots, and scatter plots to detect potential outliers that may impact our MR estimates. In Supplementary material, the scatterplots, funnel plots, and forest plots are presented.




4 Discussion

In the present investigation, a two-sample MR approach was employed to explore the potential causal link between trace elements including Cu, Ir, Zn, Ca, VC, and VD, and the outcome of interest, GD. This analysis capitalized on publicly accessible summary statistics derived from GWAS and the UK Biobank dataset. Our MR analyses revealed that, excluding Cu, the remaining trace elements showed no direct causal relationship with GD.

In plasma, Cu binds to copper blue proteins and possesses the capacity to stimulate both intrinsic and adaptive immunity, which is crucial for the protective function of the immune system (33, 34). Analysis of data from the National Health and Nutrition Examination Survey (NHANES) reveals that Cu levels in men are associated with elevated levels of FT4 and Total Thyroxine 4 (TT4), whereas in women, Cu levels are positively correlated with elevated levels of Total Triiodothyronine (TT3) and TT4 (35). The extant literature postulates that Cu levels might influence Thyroid Stimulating Hormone (TSH) levels and the FT3: FT4 ratio by elevating FT4 levels (7). In addition, elevated Cu levels have been observed in association with hyperthyroidism, whereas patients suffering from Graves’ Ophthalmopathy (GO) exhibit a risk of experiencing decreased serum Cu levels (12). Several prior investigations have indicated that alterations in thyroid hormones have varying degrees of influence on the equilibrium of metal ions in erythrocytes and serum, particularly affecting Cu metabolism in cases of hyperthyroidism (36, 37). Animal studies conducted by Mittag et al. observed a significant elevation in Cu levels following thyroid hormone treatment (38). This phenomenon can be explained by the reduced expression of mRNA levels for competitive intracellular copper-binding proteins such as metallothioneins 1 and 2, as well as the increased synthesis and export of hepatic ceruloplasmin, the primary copper-carrying protein. Additionally, studies have found that copper exposure increases the levels of thyroid hormones T4 and T3 in fish eggs, suggesting that copper may disrupt the endocrine system (39). Research by Brookes et al. highlights the critical role of copper in enhancing the uptake of radioactive iodine in thyroid cancer cells, indicating that copper may promote thyroid hormone synthesis by increasing the activity of the sodium-iodide symporter (NIS) (40). Our research provides evidence of a potential causal relationship between genetically determined circulating Cu concentrations and GD.

Ir ions are abundantly present in numerous proteins, such as hemoglobin, myoglobin, and enzymes (6). Immune system performance and cognitive development are negatively impacted by its deficiency (25). Iron’s bioavailability regulates intricate metabolic pathways in inflammation and immune cell homeostasis (41). Plasma iron is responsible for regulating innate immunity through the modulation of the monocyte-to-neutrophil ratio and neutrophil activity (42). A meta-analysis revealed that patients with hyperthyroidism are at an increased risk of iron deficiency anemia compared to individuals with normal thyroid function (43). In West and North Africa, approximately 23–25% of school-age children exhibit both goiter and iron deficiency anemia (44). Iron supplementation also improves the effectiveness of iodized salt in children with goiter caused by iron deficiency (45). Furthermore, numerous studies have indicated that nutritional iron deficiency impacts thyroid metabolism, manifesting as decreased plasma TT3 and TT4 levels, reduced peripheral conversion of T4 to T3, and elevated TSH levels (25). These studies underscore the importance of Ir homeostasis in maintaining normal thyroid function. The mechanisms of iron uptake and storage in the thyroid are not yet fully understood. However, its role as a coenzyme for thyroid peroxidase (TPO) and its necessity for the efficiency of thyroid hormone synthesis has been well established (46). However, this study demonstrates that there is no causal relationship between genetically predicted iron cycling concentration and GD.

Zn impacts the production and regulation of thyroid hormone by modifying the activity of deiodinase, affecting the synthesis of Thyrotropin-Releasing Hormone (TRH) and TSH, and contributing to the formation of transcription factors essential for thyroid hormone synthesis. Kwon et al. found that zinc deficiency inhibits the synthesis and secretion of thyroglobulin by inducing endoplasmic reticulum stress, thereby affecting overall thyroid function (47). Simultaneously, thyroid hormones exert an influence on Zn metabolism, modulating Zn homeostasis in vivo through the regulation of zinc absorption and excretion processes. This intricate interplay is evident in the notable correlation between serum Zn concentrations and serum T3, T4, and TSH levels (16, 48). The extant research exploring the relationship between Zn and GD is limited, and the current investigation failed to establish a causal link between the circulating concentration of Zn and GD.

The dysregulation of Ca ion regulation in lymphocytes can result in perturbations in metabolism, proliferation, differentiation, antibody secretion, cytokine production, and cytotoxicity control, potentially leading to autoimmune and inflammatory diseases (49). Thyroid disorders play a pivotal role in mineral metabolism, specifically impacting the skeletal tissue’s volume of minerals. In hyperthyroidism, there is a significant increase in serum Ca content, increasing the chance of further fractures as well as osteoporosis. Calcium plays a crucial role in maintaining serum calcium homeostasis by influencing the secretion and gene expression of parathyroid hormone (PTH). Elevated serum calcium levels activate the calcium-sensing receptor (CaR), which in turn inhibits the stability of PTH mRNA and the secretion of PTH, thereby reducing PTH levels. CaR is a key regulator in this process, while vitamin D participates in this regulatory mechanism through various pathways (50). Previous studies have indicated an interaction between GD and Ca. However, in this study, we found that the MR-Egger and WME results demonstrated significant associations between Ca circulating concentrations and GD, whereas the IVW results did not show significant associations. This discrepancy is likely attributable to the potential bias in IVW results caused by horizontal pleiotropy. The MR-Egger method addresses this issue by allowing for a non-zero intercept, providing a more robust estimate even in the presence of pleiotropy. Despite the robustness and adaptability of the MR-Egger hypothesis, we opted for the IVW method due to its accuracy. Our findings suggest that there is no causal relationship between genetically predicted Ca cycle concentration and GD.

VC may contribute to the restoration of thyroid hormone synthesis functionality by safeguarding thyroid follicles from oxidative damage, subsequently facilitating thyroid hormone synthesis. In addition to its antioxidant properties, other non-antioxidant activities of vitamin C may similarly contribute to the restoration of thyroid function (51). A randomized controlled study revealed that patients with GD and active Graves’ Ophthalmopathy (GO) were categorized into hyperthyroid and euthyroid groups, based on their thyroid hormone levels. In comparison to healthy controls, individuals in the hyperthyroid group exhibited significantly decreased levels of vitamin C (52). Londzin-Olesik et al. observed that, in comparison to healthy controls, VC levels were reduced following the administration of systemic intravenous and oral methylprednisolone in patients with GD and GO (53). Previous studies have indicated that NADPH-cytochrome c reductase, supported by vitamin C, is crucial for the iodination of tyrosine in the presence of thyroid peroxidase, a key step in thyroid hormone synthesis (54). Various factors secreted by C cells, such as calcitonin, calcitonin gene-related peptide (CGRP), and gastrin-releasing peptide (GRP), can directly act on thyroid follicular cells in a paracrine manner, influencing the synthesis and secretion of thyroid hormones (such as T3 and T4). Vitamin C, through its antioxidant and immunomodulatory functions, reduces inflammatory responses and thus protects thyroid tissue from immune-mediated damage. It may play a supportive role in this paracrine regulation process (55). These studies suggest a potential bidirectional causal relationship between GD and VC. However, our analysis found no significant causal effect of VC’s cyclic concentrations on GD.

In recent decades, significant interest has arisen regarding the non-skeletal health benefits of VD, especially its implications in autoimmune diseases, metabolic syndrome, and cardiovascular disorders. Observational studies have demonstrated a significant decrease in serum 25(OH)D levels among AITD patients compared to control subjects, as well as lower levels in Thyroid Peroxidase Antibody (TPOAb) positive individuals compared to TPOAb negative individuals, independent of thyroid function status (56–58). Moreover, additional studies have linked low vitamin D levels to a higher risk of AITD and other autoimmune illnesses (59). Vitamin D has a relevant impact on PTH gene expression. Specifically, 1,25(OH)D regulates calcium by reducing PTH gene transcription, thereby indirectly influencing the synthesis of thyroid hormones (50). This study did not establish a clear causal effect between circulating VD concentrations and GD.

Previous investigations exploring the relationship between micronutrients and GD have generated inconsistent findings. To further delve into the potential causal association between them, we applied a two-sample MR approach in our research, marking the first application of this method. This MR method affords further proof that exposure and outcome are causally related while mitigating the limitations stemming from confounding factors that are prevalent in traditional observational studies. IVs in the study design comprised SNPs that exhibited strong correlation (p < 5 × 108) and high intensity (F-statistic>10) with micronutrients, thereby substantially enhancing the comparability and credibility of the research. To mitigate population stratification, only European ancestry individuals were included. However, there are several limitations to the study. Firstly, Micronutrient instances, which have a relatively tiny sample size, hinder the ability to definitively exclude the existence of undetected weak associations, thereby compromising the comprehensiveness of the study. Secondly, the absence of detailed subgroup data impeded the conduct of more nuanced subgroup analyses, potentially overlooking specific associations within subgroups. Additionally, Graves’ disease patients may present with comorbidities, such as autoimmune disorders, which could potentially affect micronutrient metabolism and genetic associations. We propose that future research incorporate more detailed phenotypic data, including information on comorbidities, to enable a more precise and comprehensive exploration of the relationships between micronutrient levels, genetic factors, and GD. Meanwhile, although Mendelian randomization reduces confounding effects, the potential residual confounding from unmeasured environmental exposures in genome-wide association studies, the complexity of dietary influences, and data insufficiency may impact the results. Future studies incorporating more comprehensive dietary intake data are needed for further validation. Furthermore, the interplay between GD and trace elements may exhibit a reciprocal causal relationship, as opposed to solely discussing a unidirectional causal relationship in this study.

In considering the limitations of prior research, it is anticipated that future studies will advance in the following respects: Firstly, it is recommended to conduct a series of stratified experiments. In these experiments, relevant variables, including the dosage and duration of trace elements, must be rigorously controlled to enable a more precise examination of their impact on thyroid hormone and autoimmune antibody levels among GD patients. A deeper comprehension of the complex interactions between trace components and GD is made easier with the help of such a design. Secondly, to obtain a more holistic perspective on the impact of micronutrient levels on individuals with GD, it is recommended that research centers be established in several continents and nations, which would facilitate cross-national and cross-ethnic studies. Such international collaboration will not only facilitate a broader range of research samples, but will also elucidate the variations in the association between micronutrients and GD across diverse racial, geographic, and cultural settings, thereby providing a richer and more encompassing resource of data for MR studies. Finally, a bidirectional Mendelian randomization study could be considered to further elucidate the relationship between GD and trace elements. In the future, we will continue to explore and optimize research methods. At the same time, studies could also aim to validate the associations between these SNPs and micronutrient levels in the general population to ensure their consistency across different populations. Although the MR study used in this research can utilize genetic variations strongly correlated with exposure factors as instrumental variables to infer the causal effect between exposure factors and research outcomes, MR studies cannot replace randomized trials and should only serve as Supplementary material. It is recommended to conduct more traditional observational and experimental studies in the future to explain the relationship between the two, aiming to more comprehensively reveal the relationship between micronutrients and GD, and provide stronger scientific evidence for the prevention and treatment of related diseases.



5 Conclusion

This MR study demonstrated a causal relationship between Cu levels and an increased risk of GD, indicating that an increase in Cu levels could potentially elevate the risk of GD by 18.3% (p = 0.025). However, elements including Ir, Ca, Zn, VC, and VD failed to demonstrate significant associations with the risk of GD. Further research is necessary to elucidate the roles of micronutrients in GD and their underlying mechanisms.
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Objective: To provide further data support for the treatment of COVID-19 by conducting a comprehensive analysis of reports on dephosphorylated-uncarboxylated Matrix Gla Protein (dp-ucMGP), which detects the functional vitamin K status post COVID-19 infection, using meta-analysis.
Methods: This study conducted a comprehensive review and analysis of relevant research on dp-ucMGP detection in patients infected with COVID-19 through meta-analysis. The article collection period ranged from January 2024 to April 2024.
Results: A total of 6 articles were included in this study. Baseline data analysis showed that the age of patients in the COVID-19 infected group was greater than that of the non-infected control group (p = 0.030); similarly, the age of patients in the severe infection group was also greater than that of the mild infection group (p = 0.003). In the analysis of underlying diseases, statistical differences were found between the Severe group and Mild group in the presence of CVD (p = 0.010). A total of 5 studies conducted dp-ucMGP detection in both the COVID-19 infected group and the control group. The results showed that the expression of dp-ucMGP was higher in the infected group than in the control group (p < 0.001). Subgroup analysis revealed that the expression of dp-ucMGP in the severe infection group was also higher than that in the mild infection group (p < 0.001).
Conclusion: COVID-19 infected patients exhibit Low Vitamin K Status, which correlates positively with the severity of infection. Supplementation of vitamin K during COVID-19 infection may potentially mitigate the progression toward severe infection, necessitating further support from clinical data.
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1 Introduction

Research shows that compared to healthy individuals, patients who are admitted to the Intensive Care Unit (ICU) or die after contracting COVID-19 have lower levels of vitamin K (1, 2). This may be due to COVID-19 infection causing inflammation in the lungs, damaging elastic fibers involved in lung respiration, leading to pulmonary fibrosis and thrombus formation (3). Vitamin K is crucial in activating protective proteins for elastic alveolar tissue in the lungs and participating in coagulation (4). Additionally, vitamin K is involved in the oxidative-reductive reactions of mitochondria (5). It can block the transmission of signals in infected cell mitochondria, preventing abnormal cell respiration infected by viruses, leading to their apoptosis.

Vitamin K is not a single nutrient but a group of compounds with similar structures. It mainly includes four forms: K1, K2, K3, and K4 (Supplementary Figure 1) (6). Among them, K1 and K2 are naturally synthesized and are fat-soluble vitamins, while K3 and K4 are synthetically produced and water-soluble (7). The status of vitamin K in the body can typically be assessed in two different ways: (1) by directly measuring the concentration of vitamin K in plasma and (2) by determining the amount of undercarboxylated vitamin K-dependent proteins. The first method can reflect recent vitamin K intake but is sensitive to triglyceride concentration and provides limited information on the utilization of vitamin K in tissues. Therefore, measuring the level of inactive (undercarboxylated) matrix Gla protein (MGP) in the blood can serve as a good biomarker for the functional vitamin K status in peripheral tissues (8). Vitamin K catalyzes the carboxylation of hepatic procoagulant and anticoagulant factors (9). It converts glutamic acid to γ-carboxy glutamic acid (Gla) residues, serving as an activator for hepatic factors II (prothrombin), VII, IX, and X, and also plays a pivotal role in the extracellular activation of protein S (10). MGP is a vitamin K-dependent inhibitor of soft tissue calcification and elastic fiber degradation (11). Insufficient or deficient extracellular vitamin K leads to a significant increase in inactive MGP, which is associated with the failure of vitamin K-mediated MGP carboxylation. Insufficient activation of vitamin K-dependent MGP renders elastic fibers unable to resist protein hydrolysis induced by SARS-CoV-2. Ultimately, the mechanism of vitamin K depletion induced by pneumonia leads to a reduction in activated MGP and protein S, exacerbating lung damage and coagulation dysfunction (12). Consequently, the dephosphorylated-uncarboxylated subtype of MGP (dp-ucMGP) reflects the functional vitamin K status and is currently considered the gold standard for measuring the vitamin K status in peripheral tissues (13). Typically, high levels of dp-ucMGP expression indicate severe deficiency of vitamin K in COVID-19 infected patients (1).

This study aims to compile and analyze data from relevant research on dp-ucMGP detection in COVID-19 infection. The goal is to summarize and elucidate the relationship between COVID-19 virus infection and vitamin K status in a quantitative manner. By doing so, we aim to provide more data references for understanding the pathogenesis and treatment of COVID-19 infection.



2 Materials and methods


2.1 Literature search

According to the established inclusion criteria, we collected and organized all articles meeting the inclusion requirements from January 2020 to April 2024. Keyword searches were conducted across databases including Google Scholar, PubMed, Cochrane Library, EBSCO, Web of Science, ScienceDirect, and Wiley. The search terms comprised (“COVID-19” or “Corona Virus Disease 2019” or “COVID, 2019” or “Corona Virus Disease, 2019” or “SARS-CoV-2” or “Severe Acute Respiratory Syndrome Coronavirus 2”) and (“Vitamin K” or “Matrix Gla Protein” or “dephosphorylated-uncarboxylatediso-form of MGP” or “dp-ucMGP”). This study is a meta-analysis, categorized under secondary analysis, thus excluding ethical considerations and factors such as informed consent from patients. We followed the recommendations of the PRISMA 2020 statement, providing a detailed description of the study’s screening, selection, data extraction, and analysis processes to ensure transparency and completeness in reporting quality (14).



2.2 Inclusion and exclusion criteria

The inclusion criteria for this study are as follows: (1) Patients infected with COVID-19 with detection of dp-ucMGP in their blood; (2) The study provided detailed data on the expression of dp-ucMGP in the COVID-19 infection group and the control group, or the prognosis of both groups; (3) Studies categorizing COVID-19 patients into severe and mild groups, or including control groups with and without infection.

Exclusion criteria: (1) Studies that only detect vitamin K without providing dp-ucMGP detection; (2) Studies providing dp-ucMGP detection results without other grouping criteria; (3) Studies with duplicated patient data; (4) Studies without quantifiable data; (5) Animal and cell-based studies.



2.3 Main testing indicators

The methods used for dp-ucMGP detection in each study are presented in Table 1. We collected, organized, and analyzed the expression levels of dp-ucMGP (pmol/L) in both the COVID-19 first-time infection group and the control group. Subgroup analysis was conducted to categorize patients within the COVID-19 infected group based on the severity of symptoms (including mortality). Baseline data such as age, gender, BMI (kg/m2), and underlying diseases including diabetes, hypertension, cardiovascular diseases, and lung diseases (such as Asthma/COPD) were collected for each subgroup and group. We assessed the risk of severe outcomes in COVID-19 infected patients associated with increased dp-ucMGP concentrations using odds ratios (OR) with corresponding lower limits (LL) and upper limits (UL).



TABLE 1 Basic information on included studies.
[image: A table summarizes studies on assays for dp-ucMGP, listing six authors, their regions (Denmark, Netherlands, USA, Dutch, Egypt), years (2020-2023), assay details, study type (cohort), timeframes, and C-19 and control group numbers. Assays vary, with some not explicitly provided.]



2.4 Statistical methods

STATA 12.0 software was used to analyze and visualize the compiled data. Forest plots were employed to illustrate the calculated results. I2 was used to assess the heterogeneity of the studies. Due to the presence of high heterogeneity in the data, a random-effects model was adopted. For different types of variables, binary variables (n) and continuous variables (n, mean, and SD) were handled differently in the process of creating forest plots. Funnel plots were utilized to evaluate publication bias in included studies reporting categorical data, while Begg’s and Egger’s tests were employed to detect publication bias in studies reporting continuous data. A significance level of p < 0.05 was considered statistically significant for differences.




3 Results


3.1 Detailed inclusion process

Through keyword searches, a total of 547 relevant articles were initially considered for inclusion in this study. After reading and searching based on keywords and titles, 252 articles were excluded. Among the remaining 295 articles, further screening of abstracts and partial content led to the exclusion of 283 articles. From the remaining 12 articles, 6 were excluded due to being review articles, inability to extract data, or duplicate data. Ultimately, six articles were included in this study (Table 2).



TABLE 2 PRISMA 2020 flow diagram.
[image: Flowchart illustrating the identification of studies via databases. Initially, 547 records were identified. After removing duplicates and ineligible records (252 total), 295 records were screened. Of these, 268 were excluded, and 27 reports sought for retrieval, with 15 not retrieved. Twelve reports were assessed for eligibility, with three excluded due to various reasons. Finally, six studies were included in the review.]



3.2 Baseline parameters

In all 6 included studies (1, 3, 15–18), 5 studies reported on both the COVID-19 infected group and the control group. The results showed that the age of patients in the COVID-19 infected group was higher than that of the control group (Z = 2.17, p = 0.030). Further subgroup analysis of age within the infected group showed a statistical difference between the severe group and the non-severe group (Z = 2.99, p = 0.003). Due to significant heterogeneity in the aforementioned analyses (I2 of 84.6 and 91.1% respectively), a random-effects model was utilized in drawing the forest plot (Figure 1).

[image: Forest plot showing standard mean differences (SMD) and 95% confidence intervals for two analyses: COVID-19 group versus control group, and severe group versus mild group. Each study's result is plotted with a square and line, representing the SMD and confidence interval, respectively. The diamond shapes represent subtotal effects. Weights are displayed in percentages. The plot notes substantial heterogeneity with I-squared values of 84.6% and 91.1% for the respective analyses, both significant at p = 0.000.]

FIGURE 1
 Forest map of age.


Four studies conducted statistical analyses comparing patients in the COVID-19 infected group and the control group. The results showed that in the infected group, males accounted for 54.88% (253/461), while in the control group, males accounted for 47.02% (189/402). Further statistical analysis indicated no significant difference in gender distribution between the two groups (Z = 0.690, p = 0.489). Subgroup analysis within the COVID-19 infected group showed no statistical difference between the Severe group and the Mild group in terms of gender distribution (Z = 1.29, p = 0.197) (Figure 2).

[image: Forest plot comparing relative risks (RR) between gender groups in COVID-19 studies. The top section shows COVID-19 group versus control group with a subtotal RR of 1.10. The bottom section compares severe versus mild cases with a subtotal RR of 1.11. Weights are derived from random effects analysis. Horizontal lines display confidence intervals for each study, with diamonds representing pooled estimates.]

FIGURE 2
 Forest map of gender.


Three studies analyzed the BMI of patients in the COVID-19 infected group, but no statistical difference was found in the comparison between the Severe group and the Mild group (Z = 0.370, p = 0.709) (Figure 3).

[image: Forest plot displaying standardized mean differences (SMD) with 95% confidence intervals (CI) from three studies: Linneberg A (2020), Ankita P. Desai (2021), and Mark M. G. Mulder (2023). Weights are nearly equal, around 33%. The overall effect size is 0.36 with a CI of -1.53 to 2.24. The I-squared value is 98.8%, indicating high heterogeneity. Weights are derived from a random effects analysis.]

FIGURE 3
 Forest map of BMI (kg/m2).




3.3 Underlying disease

We analyzed the underlying diseases of COVID-19 infected patients included in the study. Two studies reported on the prevalence of hypertension, diabetes, and cardiovascular disease (CVD). There was no statistically significant difference in hypertension and diabetes between the Severe group and the Mild group (p > 0.05); however, there was a statistical difference in CVD between the two groups (Z = 2.57, p = 0.010) (Figure 4).

[image: Forest plot illustrating the relative risks (RR) and confidence intervals (CI) for various studies on hypertension, diabetes, cardiovascular disease (CVD), and asthma/COPD. Each condition depicts individual study results, subtotals, and weights from random effects analysis. Subtotals show I-squared values, indicating heterogeneity, with p-values included for each. Horizontal lines represent CIs, while diamonds indicate overall estimates.]

FIGURE 4
 Forest map of underlying diseases.


Three studies reported on the incidence of Asthma/COPD, but there was no statistically significant difference in comparison between the two groups (Z = 0.20, p = 0.838) (Figure 4).



3.4 Expression of dp-ucMGP

Among the 6 studies included, 5 studies reported on the expression of dp-ucMGP in the COVID-19 infected group (n = 479) and the control group (n = 506). After collecting and organizing the data from these studies and performing the necessary transformations, the results showed that the expression of dp-ucMGP was higher in the infected group compared to the control group, and there was a statistically significant difference between the two groups (Z = 16.32, p < 0.001) (Figure 5).

[image: Forest plot showing standardized mean differences (SMD) with 95% confidence intervals for various studies comparing COVID-19, severe group, and non-survivor group against control, mild, and survivor groups. Each study, identified by author and year, presents individual data points and weights. Subtotals for each category show high heterogeneity (I-squared values near 100%) with significant p-values, indicating random effects analysis.]

FIGURE 5
 Forest map of dp-ucMGP.


Four studies categorized the infected group into mild and severe based on the severity of COVID-19 infection. The comparison between these two subgroups revealed that the expression of dp-ucMGP was higher in the severe group compared to the mild group, and the difference was statistically significant (Z = 2.22, p < 0.026). However, when grouping based on mortality, although there was a trend for higher expression of dp-ucMGP in the death group compared to the non-death group, the difference between the two groups was not statistically significant (Z = 1.42, p = 0.155). Due to the high heterogeneity observed in these subgroup analyses (I2 of 99.6, 98.9, and 99.2% respectively), a random-effects model was used to generate forest plots. Detailed results can be found in Figure 5.



3.5 Publication bias

The funnel plot presents the assessment results of the risk of severe outcomes in COVID-19 infected patients reported in three studies. The results indicate that there is no significant publication bias in these three studies (Figure 6).

[image: Funnel plot displaying pseudo 95% confidence limits, with three data points plotted. The vertical axis represents the standard error of the odds ratio, and the horizontal axis represents the odds ratio. Dotted lines outline the funnel shape.]

FIGURE 6
 Funnel plot.





4 Discussion

This study conducted a quantitative summary analysis using meta-analysis methods on six studies that met the inclusion criteria and involved the expression of dp-ucMGP in COVID-19 patients. The results indicate a significant depletion of vitamin K following COVID-19 infection, and the extent of vitamin K depletion is correlated with the severity of infection, as reflected in the analysis of dp-ucMGP concentrations. Analysis of baseline data revealed that the age of patients in the COVID-19 infected group was higher than that in the non-infected control group (p = 0.030), and the age of patients in the severe infection group was also higher than that in the mild infection group (p = 0.003). These findings are consistent with the research by Liu et al. (19), which suggests that aging is associated with physiological, pathological, and functional changes in the lungs. Based on the results, gender does not appear to be a significant factor in COVID-19 infection or disease severity. Although there was a slightly higher proportion of males in the infected group (54.88%) compared to the control group (47.02%), the statistical analysis showed no significant difference (p = 0.489). Similarly, within the infected group, there was no significant difference in gender distribution between severe and mild cases (p = 0.197). These findings suggest that gender may not be a determining factor in susceptibility to COVID-19 or in disease progression. According to a report by the World Health Organization, the distribution of COVID-19 infections between males (51%) and females (47%) is relatively balanced (20). However, the mortality rate is significantly higher in males (58%), with a statistically significant difference between sexes (p < 0.05). This finding is supported by a multicenter retrospective study conducted by Wuhan University, which indicated that although the number of infections is comparable, male patients tend to experience more severe disease progression (21). In contrast, females exhibit a more extended incubation period. Therefore, this study suggests that while sex may not be a decisive factor in COVID-19 susceptibility, further research is warranted to elucidate the underlying biological and social determinants contributing to sex differences in disease progression and clinical outcomes.

Regarding BMI, three studies analyzed its potential impact on disease severity. However, the comparison between the Severe and Mild groups showed no statistically significant difference (p = 0.709). Based on the available data, this indicates that BMI may not play a crucial role in determining COVID-19 severity. While some studies have suggested potential associations between gender, BMI, and COVID-19 outcomes, the current findings do not support a strong correlation. For instance, a study employing the Mendelian randomization method demonstrated that smoking and obesity increase the risk of severe COVID-19 by 65–81% (22). Their findings indicated that for each standard deviation increase in BMI, the risk of developing severe COVID-19 rises by 81%, the risk of hospitalization by 55%, and the risk of infection by 18%. Additionally, a study conducted by the U.S. Centers for Disease Control and Prevention (CDC) identified a nonlinear association between BMI and COVID-19 severity, revealing that the lowest risk occurs within the healthy weight (18.5–24.9) and overweight (25–29.9) ranges (23). At the same time, a progressive increase in BMI corresponds to a significant escalation in risk. Collectively, these findings suggest that while moderate overweight may not substantially exacerbate COVID-19 severity, both underweight and obesity may contribute to heightened risk. It is posited that BMI may not serve as the primary determinant of COVID-19 severity; however, extreme deviations in body weight could be associated with adverse outcomes. Further large-scale investigations are warranted to substantiate these conclusions.

In terms of underlying diseases, the results show no statistical difference between the Severe group and the Mild group in terms of hypertension, diabetes, and lung-related diseases (including Asthma/COPD), except for CVD. Despite COVID-19 being primarily a respiratory system disease, it can affect the cardiovascular system through various mechanisms. Studies have shown that pre-existing cardiovascular diseases and cardiovascular risk factors increase susceptibility to COVID-19 infection. Furthermore, COVID-19 can exacerbate underlying CVD and even precipitate the occurrence of new cardiac complications (24). Therefore, clinicians should appropriately manage CVD patients with COVID-19 infection and monitor the acute cardiac condition of patients to prevent death and critical conditions (25).

When the novel coronavirus enters the alveolar cells, it can cause infection in the pulmonary epithelial and endothelial cells, damaging the respiratory tract (26). The infection triggers the excessive production of pro-inflammatory cytokines (such as IL-6, TNF-a, IL-1, and CRP), thereby inducing acute respiratory distress syndrome (27). This further leads to an elevation in matrix metalloproteinases (MMPs) 8 and 9 levels, resulting in pulmonary fibrosis (28). Simultaneously, it affects the normal clotting process, leading to abnormalities in blood coagulation (including intravascular coagulation disorders, thrombus formation, and pulmonary microthrombi) (29). These pathogenic mechanisms are associated with insufficient carboxylation of matrix Gla protein (MGP), protein S, and protein C, and all of the above processes require the synergistic involvement of vitamin K. Research has found severe extracellular vitamin K deficiency in patients infected with Covid-19 (12).

Research on vitamin K deficiency in COVID-19 patients suggests that developing corresponding preventive and treatment strategies could benefit infected individuals. Mangge et al. (30) conducted a study involving 77 Covid-19 patients, suggesting that supplementing vitamin K2 could be a cost-effective and effective method for preventing severe Covid-19 progression. DaeiSorkhabi et al., through a review, further argue the biological and clinical rationale for vitamin K supplementation as a potential adjunctive therapy for COVID-19 (31). Preliminary research by Nuszkiewicz et al. (32) suggests that vitamin K may reduce lipid peroxidation and inhibit ferroptosis, contributing to the treatment of COVID-19 patients. They suggest that supplementing vitamin K during COVID-19 infection may positively impact the severity of the disease in infected patients. Rivera-Caravaca et al. (33) observation on the outpatient treatment of COVID-19-infected patients with oral anticoagulants and vitamin K antagonists (Warfarin) showed that despite similar risks and 30-day event-free survival rates in terms of all-cause mortality, ICU admission necessity and gastrointestinal bleeding between patients receiving VKA and those receiving DOAC treatment; the risk of any arterial or venous thrombotic event in the VKA cohort was 43% higher (OR 1.43, 95% CI 1.03–1.98, p = 0.029). This study suggests caution in using vitamin K antagonists in anticoagulant therapy for COVID-19 infection, underscoring the close association between excessive vitamin K depletion after COVID-19 infection and the progression of pneumonia in patients. Desai et al. (1) study further corroborated this viewpoint. Their research showed that excessive vitamin K status (dp-ucMGP) and D depletion was independently associated with the worsening severity of COVID-19 pneumonia. Visser et al. (34) also showed that COVID-19 pneumonia patients who received vitamin D supplementation after correcting vitamin K deficiency could benefit from the positive effects of vitamin D, thus avoiding excessive lung damage caused by elastic fiber calcification. This research direction provides further prospects for applying vitamin K in treating COVID-19 infection. In a single-center, phase 2, double-blind, randomized, placebo-controlled trial conducted in 2024 by Visser et al., hospitalized COVID-19 patients who received daily supplementation of 999 mcg of vitamin K2 (menaquinone-7, MK-7) exhibited good tolerance with no increase in adverse events (35). A linear mixed model analysis showed that the levels of dp-ucMGP and PIVKA-II in the supplementation group were significantly reduced compared to the control group (p = 0.008 and p = 0.0017, respectively). Their study demonstrated that vitamin K2 supplementation in hospitalized COVID-19 patients is safe and significantly improves vitamin K status by reducing dp-ucMGP levels.

This study has certain limitations. For instance, as a meta-analysis, we could not access the original data from the included studies, which constrained further in-depth analyses and validation. The conclusions of a meta-analysis rely on the quality and availability of data from published studies; thus, potential biases or limitations in the original studies may affect the reliability of our findings. Additionally, due to the limited number of included studies, we could not perform more detailed subgroup analyses to evaluate the relationship between vitamin K levels and COVID-19 risk in different populations. Although our research suggests that low vitamin K levels may be a potential risk factor for COVID-19, it does not specify which specific populations this conclusion applies to, limiting its clinical applicability.



5 Conclusion

This study systematically evaluated the detection of dp-ucMGP in COVID-19-infected patients through a meta-analysis, aiming to provide more detailed clinical evidence for the prevention and treatment strategies involving vitamin K during the COVID-19 pandemic. The results indicate that COVID-19-infected patients generally exhibit low vitamin K status, which is significantly correlated with the severity of infection. Therefore, supplementation with vitamin K may offer benefits in slowing the progression of the disease to severe stages. However, given the preliminary nature of these findings, further clinical research is required to validate the actual effects and safety of vitamin K supplementation in COVID-19 patients. Considering the individual variability and pathological complexity of COVID-19 patients, future studies should comprehensively account for multiple factors, such as risk factors, age, viral strains, and vaccination status, and perform more thorough and systematic analyses.
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Hypertension
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Hyperlipidemia
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>K 0.14 (0.01, 3.63) 0.250 0.86 (0.36, 2.07) 0.728

Model adjust for: age, race, marital status, family size, education level, family income, glucose, HBALC, SBP, DBP, TC, TG, HDL-C, BMI, waist circumference (cm), work activity, recreational
activity, smoke and alcohol use.
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52.56 (49.12, 55.98)

7.44 (44,02, 50.88)

65.74 (60.52, 70.59)
11.34 (898, 14.23)
216 (1.58, 2.95)
10.67 (8.18, 13.81)

10.09 (8.40, 12.08)

64.19 (60.99, 67.26)

17.67 (15.45, 20.14)

18.10 (15.64, 20.86)

6255 (58.30, 66.60)
24.96 (2178, 28.43)

12.47 (10.60, 14.61)

68.17 (64.94, 71.23)
28.82 (25.90, 31.94)

3.01 (2.35, 3.85)

4254 (39.12, 46.02)
32.51 (29.24, 35.97)

19.88 (16.47, 23.80)

5477 (52.12, 57.39)
29.71 (27.39, 32.13)

15.46 (13.41, 17.76)

7.18 (622, 8.27)
965 (7.89, 11.75)
35.18 (32.05, 38.44)
1651 (14.03, 19.33)

20.58 (18.04, 23.36)

51.20 (47.61, 54.77)

48.80 (45.23, 52.39)

52.38 (48.61, 56.12)
47.62 (43.88, 51.39)
35.93 (35.53, 36.33)
168.8 (168.0, 169.5)
1026 (101.1, 104.0)
115.7 (1147, 116.6)
6.06 (5.92, 6.21)
5.96 (5.89, 6.03)
5.14 (5.08, 5.20)
219 (2.10, 2.27)
1.23 (121, 1.26)
297 (2.89, 3.05)
126 (125, 127)

74 (73, 75)

48.62 (46.01, 51.24)

51.38 (48.76, 53.99)

0.172

<0.001

<0.001

0.016

0.001

0.799

0.242

0.285

0.005

0.219

0.400

0.015
0.001
0.615
0.166
0.027
0.012
<0.001
<0.001
0.006
0.147
0956

<0.001

0.009

Data in the table: For continuous variables: survey-weighted means (95% CI), and P-value were obtained via survey-weighted linear regression (svyglm); For categorical variables: survey-
weighted percentages (95% CI), and P-value was by survey-weighted chi-square test (svytable).
Body mass index, BMI; Glycohemoglobin, HBALC; Total Cholesterol, TC; Triglyceride, TG; HDL cholesterol, HDL-C; LDL cholesterol, LDL-C; Systolic blood pressure, SBP; Diastolic blood
pressure, DBP, metabolically unhealthy obesity, MUO.
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Crude model Adjust model 1 Adjust model 2 Adjust model 3

Selenium,
it osscy | Pyele | oy | Pvae | o OF) | Pvale | oOf, | Pvalue
Per 1 pM increase 143 (1.11, 1.82) 0.007 1.40 (1.09, 1.81) 0.012 1.45 (1.12, 1.89) 0.008 1.44 (1.09, 1.91) 0.018
Sex
Male | 1.07 (0.75, 1.53) | 0.701 1.11 (0.77, 1.59) ‘ 0.583 1.52 (1.02, 2.27) 0.044 1.52 (1.03, 2.25) 0.046
Female 1.62 (1.19, 2.21) 0.004 1 1.76 (1.30, 2.39) 1 0.001 1.40 (0.97, 2.02) 0.083 1.53 (1.05, 2.25) 0.030

Result in table: Weighted OR (95% CI) P value.

Outcome: MUO.

Exposure: Serum selenium.

Non-adjusted model adjust for: none.

Adjust I model adjust for: age, race, sex, marital status, family size, education and family income.

Adjust 1T model adjust for: glucose; HBA1C, SBP, DBP, TC, TG, HDL.C, BMI, waist (cm), work activity, recreational activity, smoke and alcohol use.
Adjust 11l model adjust for: age, race, sex, marital status, family size, education, family income, glucose, HBA1C, SBP, DBP, TC, TG, HDL-C, BMI,
Waist circumference (cm), work activity, recreational activity, smoke and alcohol use.
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Male OR Female OR

Characteristics (95% ClI), (95% Cl),
P value P value
1.16 (0.85, 1.54 (1.13,
Fitting by standard linear model ( (
1.59) 0.348 2.09) 0.006
Fitting by two-piecewise
linear model
Inflection point (K) 2.82 2.12
Sk 1.64 (1.09, 4.10 (0.93,
2.48) 0.018 17.94) 0.061
oK 0.38 (0.15, 1.35 (0.94,
0.93) 0.035 1.94) 0.103
Log-likelihood ration 0.011 0.182
Result in table: OR (95% CI) P value.
Outcome: MUO.
Exposure: Serum selenium.
Adjust for: age, race, marital status, family size, education level, family income, glucose,

HBAI1C, SBP, DBP, TC, TG, HDL-C, BMI, waist circumference (cm), work activity,
recreational activity, smoke and alcohol use.
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Variables
Model 1
Vitamin E intake

Vitamin B1 intake
Vitamin B2 intake
Vitamin B6 intake
Vitamin B12 intake

Niacin intake

Total folate intake

Model 2
Vitamin E intake

Vitamin B1 intake
Vitamin B2 intake
Vitamin B6 intake
Vitamin B12 intake

Niacin intake

Total folate intake

Model 3
Vitamin E intake

Vitamin B1 intake
Vitamin B2 intake
Vitamin B6 intake
Vitamin B12 intake

Niacin intake

Total folate intake

OR

0.94
0.69
0.82
0.75
0.98
0.95
1.00

0.96
0.90
0.91
0.86
0.99
0.99
1.00

0.96
0.90
0.89
0.85
0.99
0.98
1.00

OR(95%CI)

0.94(0.92-0.96)
0.69(0.62-0.78)
0.82(0.76-0.9)

0.75(0.69-0.82)
0.98(0.96-1.00)
0.95(0.94-0.96)
1.00(1.00-1.00)

0.96(0.94-0.99)
0.9(0.77-1.05)

0.91(0.81-1.02)
0.86(0.77-0.96)
0.99(0.97-1.01)
0.99(0.97-1.00)
1.00(1.00-1.00)

0.96(0.94-0.99)

0.9(0.77-1.05)

0.89(0.79-1.01)

0.85(0.76-0.96)

0.99(0.97-1.01)

0.98(0.97-1.00)
(

1.00(1.00-1.00)
|
0

Pvalue

<0.0001
<0.0001
<0.0001
<0.0001
0.0196

<0.0001
<0.0001

|

i

I

0.0096
0.1664
0.0994
0.0099
0.2508
0.0102
0.1481

0.0087
0.1729
0.0656
0.0073
0.1796
0.0067
0.1843
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Outcome  Model OR (95%Cl) p-value

URTI Unadjusted model 0926 (0.890,0964) 195504

Adjusted for Obesity

0920 (0:871,0971) | 25403
(Class 1)
Adjusted for Obesity

0930 (0.875,0.988) 0019
(Class 2)
Adjusted for Obesity

0925(0.902,0948) | 425E-10
(Class 3)
Adjusted for Obesity

0.921 (0.866,0981) 102E-02
(Class 1,2and 3)

Adjusted for Lifetime
0.951 (0.914, 0.988) 0011
smoking

URT, upper respiratory infection; OR, odds ratio; CI, confidence interval
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Model 1

OR (95%Cl)

Model 2
OR (95%Cl)

Variable Crude
OR (95%Cl)
D™ 121(1.18,1.25)
HIN® 121(1.18,1.24)
M 115 (107, 1.24)
Stroke! 1.12(1.03,1.22)

<0.001

<0.001

<0.001

0.009

114 (110, 1.17)
1.16(1.13,1.19)
1.10(1.01, 1.19)

104 (095, 1.15)

<0.001

<0.001

0.022

0359

105 (1.02,1.09)
104 (1.01,1.08)
108 (099, 1.18)
103 (094, 1.14)

0.004

<0.001

008

044

‘Diabetes Mellitus, Model 1 was adjusted for age, gender, hypertension, cardiovascular disease, faty liver discase, and physical activity. Model 2 was adjusted for model 1.+ MetS. *Hypertension,
Model 1 was adjusted for age, gender, diabetes, cardiovascular discase, stroke, fatty liver disease, physical activity, and smoking. Model 2 was adjusted for model 1.+ MetS. “Myocardial
infarction, Model 1 was adjusted for age, gender, physical activity, diabetes, hypertension, occupation, and opium. Model 2 was adjusted for model 1 + MetS. ‘Stroke, Model 1 was adjusted for

age, gender, diabetes, hypertension, physical actiy

ty, and socioeconomic status. Model 2 was adjusted for model 1 + Mets.
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Exposure Disease Nsnp OR(95% CI) Meta P value
Ca |

URTI 7 0,906 (0.655, 1.254) —_— 0553

LRTI 7 1.233 (0912, 1.667) —_— 0173

Pneumonia 7 0,876 (0.725, 1.058) —_— 0.172
p-carotene '

URTI 1 0.989 (0946, 1.033) —_— 0618

LRTI 1 0.941(0.864, 1.024) —_— 0.159

Pneumonia 1 1010 (0.971. 1.051) 0.622
Cu

URTI 2 0.926 (0.890, 0.964) —— 1953E-04

LRTI 2 0,939 (0.892, 0.990) —_— 1.958E-02

Pneumonia A 0.966 (0.899. 1.037) —_—— 0339
Folate !

URTI 2 0.976 (0866, 1.101) —_—— 0.969

LR 2 1083 (0.927. 1.264) —_— 0315

Pneumonia 3 1.000 (0.898, 1.114) —_— 0.998
Fe 1

URTI 3 0.998 (0924, 1.078) —_— 0956

LRTI 3 1.003 (0.930. 1.082) —_ 0931

Pneumonia 3 0,979 (0.923, 1.040) —el 0497
Mg '

URTI 5 0.520 (0,021, 12.602) P 0.687

LRTI 5 0.734(0.239, 2.251) D —— 0.588

Pneumonia 5 0.541(0.246, 1.191) -— 0.127
Phosphorus. !

URTI 3 1.213 (0882, 1.668) —_— 0235

LRTI 3 0.761 (0515, 1.126) — 0171

Pneumonia 3 0.950 (0.663, 1.362) — e 0.781
Se

URTI 7 1074 (0934, 1.235) —_— 0318

LRTI 7 1015 (0.966. 1.066) 0565

Pneumonia 7 1,012 (0.979, 1.046) 0.488
Vitamin B6

URTI 2 1039 (0.863. —_— 0685

LRTI 2 0.927 (0.837. 1.02 —_— 0.145

Pneumonia 2 0.924(0.854,0.999) — 4.83E-02
Vitamin C

URTI 10 1018 (0.945. 1.096) —le 0.644

LRTI 10 1.009 (0909, 1.121) —_— 0862

Pneumonia 10 1.042 (0968, 1.121) —_ 0273
Vitamin D |

URTI 6 0,997 (0861, 1.155) —_— 0973

LRTI 6 0.926 (0.757, 1.132) —_— 0453

Pneumonia 6 0.939 (0.812, 1.087) _— 0.400
Zn !

URTI 2 1.044 (0935, 1.167) —_— 0444

LRTI 2 1.028 (0957, 1.106) —_—— 0448

Pneumonia 2 1,033 (0.992. 1.076) —— 0.116

0.9
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Exposure  Method Pleiotropy test Heterogeneity test

MR- MR-Egger [\AXe} MR-Egger

PRESSO intercept [e]
Folate ww 12 0.257 onz 0029 0412 ~0012(p=0247)  12522(p=0326) | 10.879 (p=0.367)
Vitamin D ww 13 0.286 o111 0010 0.974 0011 (p=0510) | 4625(p=0969) 4161 (p=0.965)
Vitamin B12 IVW 8 0353 0128 0,006 0536 0.002(p=0885) | 6161 (p=0.521) | 6.137 (p=0.408)

Iron ww 1 -0300 0125 0016 0.924 0001 (p=0908) 4497 (p=0922) | 4.482 (p=0.877)
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‘exposure outcome nsnp method pval OR(95% Cl)

Iron cocP1 12 MR Egger 0158 ——— 1864 (0.837104.149)
12 Weighted median 0120 H—e—  1301(0.934101813)

12 Inverse variance weighted  0.031 i—e—  1.321(1.026101.702)

12 Simple mode 0279 o  1.412(0.79102.559)

12 Weighted mode 0272  ————o 1432(0779102633)

CDCP1 COPD 36 MR Egger 0068 vt 0.928 (0.859 10 1.003)
36 Weighted median 0223 . 0.959 (0.897 10 1.026)

36 Inverse variance weighted  0.006 o 0.940 (0.899 10 0.982)

36 Simple mode 0226 on 0.928(0.824 10 1.045)

36 Weighted mode 0069 i 0.938 (0.877 10 1.003)

ron coPD 11 MR Egger 0375 «—————  0.711(0.34810 1.455)
1 Weighted median 0019 —o— 0.681(0.494 10 0.939)

1 Inverse variance weighted  0.016 —e—! 0.741(0.580 10 0.946)

1 Simple mode 0106 «o—* 0.637(0.388 10 1.047)

11 Weighted mode 0114 co— 0639 (0.385 10 1.062)

OR=0.939 (0.899-0.981)>
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OR=1.321 (1.025-1.701),

Mediated effect: -0.282

2/6 Direct effect: -0.017

Fe Mediated proportion: 5.76%
Iron >
55845

OR=0.741 (0.580-0.846)
016 COPD
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Variables Cataract Non-cataract p-value
Continuous variables, mean (SE)

Age (years) 73.98 +9.40 47.59 +16.84 <0.001
Vitamin E (mg) 6.08 +3.37 7.07 +4.43 <0.001
Retinol (mg) 0.44 £+ 0.47 0.42 +0.48 0.443
Vitamin A (mg) 0.65 +0.53 0.61 +0.55 0.157
Vitamin B1 (mg) 1.42 £ 0.60 1.61 £ 0.80 <0.001
Vitamin B2 (mg) 1.94 +0.80 2.12 +1.08 <0.001
Niacin (mg) 19.59 + 8.00 24.50 & 12.07 <0.001
Vitamin B6 (mg) 1.72 £0.81 1.98 +£1.09 <0.001
Total folate (mg) 357.12 +170.07 397.96 4 209.12 <0.001
Vitamin B12 (mg) 4.90 +5.47 5.43 +£5.85 0.023
Vitamin C (mg) 82.47 +63.81 90.09 + 81.25 0.015
Vitamin K (mg) 95.67 +111.08 97.35 +116.90 0.714
Category variables, (%)

Gender (1, %) 0.165
Male 324 (45.38%) 3143 (48.11%)

Female 390 (54.62%) 3390 (51.89%)

Race (n, %) <0.001
Mexican 53 (7.42%) 1243 (19.03%)

Other Hispanic 50 (7.00%) 534 (8.17%)

Non-Hispanic white 488 (68.35%) 3101 (47.47%)

Non-Hispanic black 106 (14.85%) 1416 (21.67%)

Other race 17 (2.38%) 239 (3.66%)

Education (1, %) <0.001
Less than 9th grade 144 (20.17%) 703 (10.77%)

9-11Th grade (includes 12th grade with no diploma) 111 (15.55%) 1074 (16.45%)

High school grad/GED or equivalent 193 (27.03%) 1591 (24.37%)

Some college or aa degree 154 (21.57%) 1851 (28.35%)

College graduate or above 112 (15.69%) 1310 (20.06%)

Marital Status (1, %) <0.001
Married or living with partner 381 (53.36%) 4127 (63.20%)

Unmarried or other 333 (46.64%) 2403 (36.80%)

Diabetes mellitus (n, %) <0.001

Yes

190 (27.38%)

690 (10.73%)

No

504 (72.62%)

5740 (89.27%)
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Variables Model 12 OR p-value Model 2° OR p-value Model 3¢ OR p-value

(95%Cl) (95%Cl) (95%Cl)
Vitamin E intake 0.94 (0.92-0.96) <0.0001 0.96 (0.94-0.99) 0.0096 0.96 (0.94-0.99) 0.0087
Vitamin B1 intake 0.69 (0.62-0.78) <0.0001 0.9 (0.77-1.05) 0.1664 0.9(0.77-1.05) 0.1729
Vitamin B2 intake 0.82 (0.76-0.9) <0.0001 0.91 (0.81-1.02) 0.0994 0.89 (0.79-1.01) 0.0656
Vitamin B6 intake 0.75 (0.69-0.82) <0.0001 0.86 (0.77-0.96) 0.0099 0.85 (0.76-0.96) 0.0073
Vitamin B12 intake 0.98 (0.96-1.00) 0.0196 0.99 (0.97-1.01) 0.2508 0.99 (0.97-1.01) 0.1796
Niacin intake 0.95 (0.94-0.96) <0.0001 0.99 (0.97-1.00) 0.0102 0.98 (0.97-1.00) 0.0067
Total folate intake 1.00 (1.00-1.00) <0.0001 1.00 (1.00-1.00) 0.1481 1.00 (1.00-1.00) 0.1843

*Model 1: a no adjusted. bModel 2: adjusted for age, race, gender, educational level and marital status. “Model 3: further adjusted for diabetes mellitus.
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Variables

Model 12 OR

(95%Cl)

p-value

Model 2P OR

(95%Cl)

p-value

Model 3°OR

(95%Cl)

p-value

Vitamin E intake Q1 1 (1.00-1.00) 1 1 (1.00-1.00) 1 1 (1.00-1.00) 1
Q2 0.72 (0.59-0.89) 0.0021 0.73 (0.57-0.94) 0.0163 0.75 (0.58-0.97) 0.0283
Q3 0.69 (0.56-0.85) 0.0005 0.73 (0.56-0.95) 0.0194 0.73 (0.56-0.96) 0.0224
Q4 0.51 (0.41-0.64) <0.0001 0.7 (0.53-0.93) 0.0142 0.7 (0.53-0.93) 0.0151

Vitamin B6 intake Q1 1 (1.00-1.00) 1 1 (1.00-1.00) 1 1 (1.00-1.00) 1
Q2 0.94(0.77-1.15) 0.5375 1.2 (0.94-1.54) 0.1411 1.18(0.92-1.51) 0.2004
Q3 0.81 (0.66-1) 0.0556 1.01 (0.78-1.31) 0919 0.98 (0.75-1.27) 0.856
Q4 0.5 (0.39-0.63) <0.0001 0.75 (0.56-1.01) 0.0566 0.73 (0.54-0.98) 0.0351

Niacin intake Q1 1 (1.00-1.00) 1 1 (1.00-1.00) 1 1 (1.00-1.00) 1
Q2 0.79 (0.65-0.97) 0.0208 0.94 (0.74-1.19) 0.5828 0.93(0.73-1.18) 0.534
Q3 0.59 (0.48-0.72) <0.0001 1.01 (0.78-1.3) 0.9544 0.96 (0.74-1.25) 0.7785
Q4 0.28 (0.22-0.36) <0.0001 0.69 (0.5-0.95) 0.0218 0.67 (0.48-0.92) 0.0145

“Model 1: no adjusted. ®Model 2: adjusted for age, race, gender, educational level and marital status. “Model 3: further adjusted for diabetes mellitus.
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Variables
Model 1

Vitamin E intake
Q1

Q2

Q3

Q4

Vitamin B6 intake
Q1

Q2

Q3

Q4

Niacin intake
Q1

Q2

Q3

Q4

Model 2
Vitamin E intake
Q1

Q2

Q3

Q4

Vitamin B6 intake
Q1

)2

Q3

Q4

Niacin intake
Q1

Q12

Q3

Q4

Model 3
Vitamin E intake
Q1

Q2

Q3

Q4

Vitamin B6 intake
Q1

Q2

Q3

Q4

Niacin intake
Q1

Q2

Q3

Q4

OR

1.00
0.72
0.69
0.51

1.00
0.94
0.81
0.50

1.00
0.79
0.59
0.28

1.00
0.73
0.73
0.70

1.00
1.20
1.01
0.75

1.00
0.94
1.01
0.69

1.00
0.75
0.73
0.70

1.00
1.18
0.98
0.73

1.00
0.93
0.96
0.67

OR(95%CI)

1 (1.00~1.00)

0.72 (0.59~0.89)
0.69 (0.56~0.85)
0.51 (0.41~0.64)

1 (1.00~1.00)
0.94 (0.77~1.15)
0.81 (0.66~1)
0.5 (0.39~0.63)

1 (1.00~1.00)

0.79 (0.65~0.97)
0.59 (0.48~0.72)
0.28 (0.22~0.36)

1 (1.00~1.00)
0.73 (0.57~0.94)
0.73 (0.56~0.95)
0.7 (0.53~0.93)

1 (1.00~1.00)
1.2 (0.94~1.54)
1.01 (0.78~1.31)
0.75 (0.56~1.01)

1 (1.00~1.00)
0.94 (0.74~1.19)
1.01 (0.78~1.3)
0.69 (0.5~0.95)

1 (1.00~1.00)
0.75 (0.58~0.97)
0.73 (0.56~0.96)
0.7 (0.53~0.93)

1 (1.00~1.00)

1.18 (0.92~1.51)
0.98 (0.75~1.27)
0.73 (0.54~0.98)

1 (1.00~1.00)

0.93 (0.73~1.18)
0.96 (0.74~1.25)
0.67 (O.48~0.9|2)

0

o o= o o> o o o o o o e il e e e e

il it e e et et et

O T el S e B B I Tl PP PP P |

Obs better Lev+5—-FU better

Pvalue

1
0.0021
0.0005
<0.0001

1
0.5375
0.0556
<0.0001

1
0.0208
<0.0001
<0.0001

0.0163
0.0194
0.0142

0.1411
0.919
0.0566

0.5828
0.9544
0.0218

0.0283
0.0224
0.0151

0.2004
0.856
0.0351

0.534
0.7785
0.0145
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Exposure  Outcome nSNP
Calcium  Hypertensive Renal Disease 201

Selenium  Hypertensive Renal Disease 5

Diabetic Nephropathy 5
Chronic Kidney Disease 5
Vitamin D Cystic Kidney Disease 80

P<0.05 was considered statistically significant

MR.method

MR Egger
Weighted median

Inverse variance weighted
Simple mode

Weighted mode

MR Egger
Weighted median

Inverse variance weighted
Simple mode

Weighted mode

MR Egger
Weighted median

Inverse variance weighted
Simple mode

Weighted mode

MR Egger
Weighted median

Inverse variance weighted
Simple mode

Weighted mode 0.93(0.75 t0 1.17)
MR Egger 1.30(0.75 t0 2.27)
Weighted median 1.44(0.80 t0 2.61)
Inverse variance weighted \—e——  176(1.1510269)
Simple mode e 1.87(0.32t0 10.78)
Weighted mode e 1.48(0.91102.42)

r =

0 1 3

Protective factor  Risk factor

“Hn*uuif{iii[’f“

OR(95%Cl)

0.64(0.30 to 1.36)
0.64(0.28 to 1.48)
0.61(0.40 to 0.93)
0.75(0.19 t0 2.93)
062(0.31t0 1.24)

0.55(0.30 t0 1.03)
0.71(0.49 0 1.03)
0.72(0.530 0.98)
0.84(0.51t0 1.39)
0.67(0.42t0 1.06)

0.78(0.61 to 1.00)
0.85(0.73 0 1.00)
0.83(0.73100.93)
0.91(0.7410 1.13)
0.89(0.74 10 1.08)

0.74(0.59 to 0.92)
0.91(0.77 to 1.08)
0.87(0.77 to 0.98)
0.93(0.74 to 1.17)

P.value

0.246
0.293
0.022
0.684
0174

0.16
0.072
0.04
0.544
0.163

0.142
0.055
0.002
0.448
0312

0.076
0.236
0.028
0.582
0.583

0.356
0.227
0.01
0.488
0.12
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Assumption 3

Assumption 2

Assumption 1

SNP associted with exposure at P<5x108
SNP in LD (#<0.001,cumping=10000K5)
“Calcium
*VitaminD “Hypertensive Renal Disease
“Diabetic Nephropathy
*Chronic Tubulo-interstitial Nephritis
“Membranous Nephropathy
SNP associted wih exposure at P<5x106 “Iron “IgA Nephropathy
SNP in LD (<0.001,cumping=10000k:) *Copper *Cystic Kicney Disease
“Zinc *Chronic Kidney Disease
“Selenium
*VitaminG
Sensitivity analysis: MR analysis:
Cochran's Q test IVW. MR-Egger
Reverse MRanalysis << MREggerintercepttest < Weighted median
MR-PRESSO test Simple mode

Leave-one-out analysis Weighted mode
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Variable Youden index Cut-off 95%Cl Sensitivity (%; Specificity (%)

value
FGF19 0436 210pg/ml. 0773 07120827 783 653
pCT 0265 531ng/mL. 0632 0562~0804 600 665
TBA 0378 11.63 0.759 0.704~0.810 75.6 622

AUC, area under the ROC curve; TBA, total bile acid; PCT, procalcitonin; FGF19, fibroblast growth factor 19.
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Variable Pearson'’s P value

coefficient
APACHEIT 0503 <0.001
SOFA 0471 <0.001
TBA 0817 <0.001
PCT 0416 <0.001

APACHE II, Acute Physiology and Chronic Health Evaluation IT; SOFA, sequential organ
failure assessment; PCT, procalcitonin; TBA, total bile acid.
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Parameter

Sepsis without GI

dysfunction (n = 116)

Sepsis with Gl dysfunction

(n =64)

P value

FGFI9(pg/mL)
WBC(10°/L)
PLT(10°/L)
INR

APTT(s)
Fib(g/L)
ALB(g/L)
TBIL (umol/L)
TBA(umol/L)
Cr (umol/L)
BUN (mmol/L)
LAC(mmol/L)
PCT(ng/mL)
CRP(mg/L)

127.4(5.7,944.2)

127(20,542)

135.00 (101.00, 184.00)

120 (1.10, 1.40)

29.10 (26.20, 33.20)

22(14,41)

30.35 (27.58, 33.93)

1438 (45,119.2)
9884132
274.96£17.88
15.26£2.93
2.20(1.05,6.20)
371(3.29,4.23)

12212+86.61

355.1(37.2,2315.4)

150(12,322)

146.00 (89.00, 213.00)

140 (1.20, 1.80)

32.20/(27.45,38.80)

26(1.7,39)

32.75(28.85, 35.98)

23.7(39,124.7)
15.26+2.05
279.52£19.23
16242231
4.20(2.80,8.50)
7.12(5.12,8.13)

14528+94.45

2933

0.198

—1678

0249

1600

-L135

-1365

0.606

14422

1148

1631

0.890

-4815

-1152

0.003

0847

0.093

0804

0113

0256

0172

0546

<0.001

0254

0.106

0373

<0.001

0253

WBC, white blood cell; PLT, platelet; TBIL, total bilirubin; ALB, albumin; BUN, blood urea nitrogen; Cr, creatinine; APT, activated partial thromboplastin time; INR, international

normalized ratio; Fib, fibrinogen, CRP, and reactive protein. PCT, procalcitonin; TBA, total bile acid.
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Parameter Sepsis without GI Sepsis with Gl dysfunction p value

dysfunction (n = 116) (n=64)
Male sex 62(53.4%) 40 (62:5%) 1376 0241
Age, years 66.07£12.13 668241407 1119 0292
Body mass index, kg/m’ 23164207 2724246 1177 0242
SOFA 8324278 11124318 4638 <0.001
APACHEI! 14324315 2368+5.69 10625 <0.001
Type 2 diabetes 44.(37.9%) 39 (60.9%) 3116 0.078
Hypertension 64(55.2) 43(67.2%) 2469 0116
Septic shock - - 3807 0.051
Yes. 26 (22.4%) 23 (35.9%) = =
No 90 (77.6%) 41 (64.1%) - -
Infection site, n (%) - - 7416 0116
Respiratory system 57(49.1) 24(375) - -
Abdominal infection 26 (22.4) 25(39.1) = =
Urine system 1064 106) - -
Nervous system 14(12.1) 4(63) = =
Others. 15 (12.9) 10 (15.6) = =
AKI stage - - 1089 0.580
Stage [ 10 (8.6%) 21 (32.8%) = =
Stage Il 7(6.0%) 16 (25.0%) - -
Stage I1 14(121%) 19 (29.7%) = =
Mechanical ventilator, 7 (%) 65(56.0) 44(68.8) 2792 0.09
Hospital length of stay, days 214(147,369) 236(156,38.2) ~0.249 0.804
1CU mortality, 1 (%) 10(8.6) 14(219) 4652 0031

G, gastrointestinal; APACHE 1, Acute Physiology and Chronic Health Evaluation II; SOFA, sequential organ failure assessment.
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Variables
(n=335)

Category

No.(%)

Gravidity

History of abortion

Parity

Regular antenatal

checkups

Birth interval

Regular intake of iron

Meat consumption

Intake of tea after meal

Recurrent illness during

pregnancy

No of children

‘Type of pregnancy

Rate of flow of

menstruation

Primigravidae
Multigravida
No

Yes
Nullipara
One

Two to four
2 five

Yes

No

> 24months
<24months
Yes

No

Yes

No

Yes

No

No

Yes

1-3

46

Above 7
Single

Twin

Very heavy
Heavy
Moderate

Low

58(17.3)
277 (82.7)
265 (79.1)
70(20.9)
60 (17.9)
23(69)
231 (69.0)
21(63)
263 (78.5)
72(21.5)
134 (47.5)
148 (52.5)
263 (78.5)
72(21.5)
193 (57.6)
142 (424)
146 (43.6)
189 (56.4)
297 (88.7)
38(113)
147 (53.5)
126 (45.8)
2(07)
334 (99.7)
1(0.3)
84(25.1)
69(206)
125(37.3)
57(17.0)
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Vari

Age (years)

Sex of household head

Place of residence

Mothers education

Husbands education

Family size

Size of farmland

Age of first marriage

Occupation

Profession of mothers

Husbandss profession

Monthly income

bles (n=335) Category

15-24

25-29
30-34
35.and above
Female

Male

Rural

Urban

No formal education

jaiary
Secondary

College diploma and above
No formal education
Primary

Secondary

College diploma and above

05ha

05-1ha

>1ha

<18years

> 18years

Housewife
government employed
Private employee

Private bus

ess
Health Science
Education

Business and social science

Non health natural science
Health Science

Educat

n
Agriculture

Business and social science
Non health natural science
<25USD$

25-42USD$

>42USDS

No (%)
7121.2)
188 (56.1)
55(16.4)
21(63)
89.(26.6)
246 (73.4)
101 (30.1)
234 (69.9)
79(23.6)
132(394)
85(25.4)
39(11.6)
40(11.9)
116 (34.6)
105 (31.3)
74 (22.1)
76 (22.7)
142 (42.4)
117 (34.9)
189 (56.4)
106 (31.6)
40(11.9)
112 (33.4)
223 (66.6)
176 (52.5)
24(7.2)
50 (14.9)
85(25.4)
107 (31.9)
80(238)
18 (5.4)
130 (38.8)
16 (4.8)
51(15.2)
40(11.9)
16 (4.8)
212(63.3)
225(67.2)
90/(26.9)

20 (6.0)
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G1 = Zinc supplemented group G2 = Selenium supplemented G3 = Zinc + Selenium G4 = No supplemented control
(n=18) group (n =13) supplemented group (n = 13) group (n =16)

Baseline  Six-Months  p Baseline  Six-Months  p Baseline  Six-Months  p Baseline  Six-Months  p

A. Dietary measurements

Energy intake (kealiday) | 2,2634686 1962353 010 25174658 2050496 006 | 2245:468 22132593 088 25412575 24108387 046 034

Zinc intake (mg/day) 89(67-106)  103(78-113) | 044 | 122(68-16  78(7-90) | 026 | 86(74-129)  84(65-113) | 070  106(2-125)  107(7-125) 044 006

Selenium intake (ug/day) 909 97.6 091 19 1034 060 12 1068 091 1049 148 038 074
(623-1193) (743-1233) (89.6-133.1) (793-1068) (644-1522)  (858-1114) (87-146.2) (75.2-142.1)

Zine 89 103 <0.001 ND ND 86 384 <0001 106 107 044 <0001

intake + supplementation  (6.7-10.6) (37.8-413) (74-129) (36.5-413) ©92-125) (7-125)

(mg/day)

Sclenium ND ND 19 3034 <0001 12 3068 <0001 1049 1438 088 <0001

intake + supplementation (896-1331)  (2793-306.8) (644-1522) | (285.8-3114) (87-146.2) (75.2-1421)

(ng/day)

Seric zinc (mg/dl) 8655142 9472219 015 ND ND 8945134 9375162 041 80121 839£133 085 065

Seric Selenium (ug/dl) ND ND 8264106 L1111 02 837299 874116 017 812128 8545128 006 081

B. Immunological measurements

CD4+ (cells/mm’) 478 545 0.05 553 469 087 507 475 013 655 713 055 079
(360-713) (368-768) (358-627) (356-687) (404-680) (379-836) (478-832) (457-802)

CD4 (%) 283476 282+7.7 087 2885117 311128 0.03 207493 287466 033 298483 312492 0.06 086

CD4+ Teells 47£16 47419 098 53£25 50424 066 54£25 47%14 032 53427 42£31 022 070

[CD38+ HLADR+ (%)]

CD8+ Teells 53439 58446 054 45447 38435 029 71453 62457 046 57443 48+50 051 070

[CD38 + HLADR+ (%)]

Kruskal-Wallis or student f test was performed for comparison between groups. BMI, body mass index; BMD, bone mineral density; ND, non determined; HDL, high density lipoprotein; LDL, low density lipoprotein.
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G1 = Zinc supplemented G2 = Selenium supplemented G3 =Zinc + Selenium G4 = No supplemented Control
group (n =18) group (n=13) supplemented group (n =13) group (n = 16)

Baseline Six- P Baseline Six-Months  p Baseline Six-Months  p Baseline Six-Mon
Months

A. Body composition and bone mineral density measurements

Weight (kg) 663£7.9 66482 089 709109 6924113 0.08 686+7.7 683£82 079 718£12.0 719£12.1 091 043
BMI (kg/m?) 230426 20£27 087 24,6541 238443 0.03 27£28 21523 0.29 24534 244236 093 0.16
Fat mass (%) 23938 238:44 082 286145 264259 0.02 20453 225546 058 271458 274469 0.68 006
Fat mass (kg) 161438 15940 066 20663 188465 0.03 16050 156247 065 197261 201472 049 0.06
Trunk fat mass (kg) 91428 97431 025 116440 104544 0.01 88434 85431 0.66 113240 116245 036 005
Muscle mass (kg) 482258 483862 085 475254 48058 0.26 503£5.4 503455 096 495477 193268 0.67 076
Femoral BMD (g/cn) 0.93£0.14 0958003 080 10205 102015 074 096009 096008 084 099007 098007 037 038
Lumbar BMD (g/cm?) 10420.14 1054015 034 | 1174013 1194013 019 110£0.10 1104009 0.67 1122011 1112011 075 042

B. Biochemical measurements

Total cholesterol (mg/d)  168333.8 17258347 035 1828439 17534469 012 1827427.2 18984255 033 17512428 1783396 065 042
HDL cholesterol (mg/dl) 428487 45598 019 436470 4584104 0.08 4374112 436+78 093 435£9.1 443485 072 085
LDL-cholesterol (mg/dl) 1003£27.8 10654244 009 1144%312 10614356 0.09 114.£227 1179%157 061 1039+86.8 1081914 041 031
Triglycerides (mg/dl) 1385(97-210) | 155(112-194) | 098 | 138.2(81-1645) = 1048(817-140) = 0.0 | 1555(105-2279) = 1336(112-2285) = 043 | 125.1(99.8-266.1) 1439 (1063-167.3) = 099 056
Glucose (mg/dl) 88 (83-94) 89(80-97) 084 85(82-87) 88 (84-93) 090 88 (86-94) 89 (87-93) 036 89 (86-97) 89 (86-95) 042 097

Kruskal-Walis or student { test was performed for comparison between groups. BMI, body mass index; BMD, Bone mineral density; ND, non determined; HDL, high density ipoprotein, LDL, low density lipoprotein, tatistically diferent values are highlighted in
bold.
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Clinic characteristics

G1 assigned to zinc G2 assigned to G3 assigned to G4 assigned p value
supplementation selenium Zinc + selenium to control
(n=18) supplementation supplementation (n=16)
(n=13) (n=13)

Age (years) 0£112 109592 378482 393588 [

8(5-15) 6(3-10) 4(3-9) 6(5-9) 018"
diagnosis (years)
‘Time on ART (years) 45(3-12) 5(-9) 4(-8) 6(5-85) 0.64°
Nadir CD4+ T cell 289 (123-452) 169 (16-319) 86(52-135) 100 (17-299) 050"
count (cells/mm’)
CD4+ T cells count 478 (360-713) 572(358-627) 468 (404-619) 654 (477-832) os1°
(cells/m’)
CD4+ T cells (%) 288 9412 30£10 3048 096"
Viral Load (HIV-1 RNA <10 <40 <40 <40
copies/ml)
ART Regimen
EFV+FTC+TDF 67% 69% 61% 94% 0.28°
ABC/ATC+EFV 0% 8% 15% 0%
Others 3% 2% 24% 6%
Dietary measurements
Energy intake 22634686 25172658 22454468 25414575 054
(keal/day)
Dietary Zinc intake 89(67-109) 122(68-16) 87(7.4-129) 106 (9.3-125) 041°
(mg/day)
Suboptimal intake 10(56%) 6 (46%) 7(54%) 6(38%) 072
(<9.4mg)
Dietary Selenium 909 (623-119.3) 119(89-133.1) 122 (64.4-152.2) 104.9 (87-146.2) 044>
intake (pg/day)
Suboptimal intake 2(1%) 16%) 0% 0% 037
(<45pg)
Seric Zinc (mg/dl) 854144 8532121 8972129 8212123 048"
Deficiency % 4(22%) 2(15%) 1(8%) 5(31%) 043
(<75mg/dl)
Seric Selenium (ug/d) 865495 8492105 83799 839+124 087
Deficiency % 6(35%) 4(40%) 7(58%) 8(53%) 057
(<85pg/dl)

ART, antiretroviral treatment; EFV, efavirenz; FIC, Emtricitabine; TDF, Tenofovir disoproxil fumarates ABC, Abacavir; 3TC, Lamivudine.
One way ANOVA.

Kruskal-Walls test.
X test,
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Crude Model 1 Model 3

. (6]
Variable N
OR OR (95%Cl) 2k
(95%Cl) (95%Cl) (95%Cl)
Vitamin C
(per 12589 626 (5) 92 0.07 bl 0.007 o 0012 948 0.015
gl (0.83~1.01) (0.78~0.96) (0.79~0.97) (0.79~0.97)
Quartiles
Quartile 1 3177 169 (53) 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Quartile2 3142 oGy | 0% 0.643 bl 0.341 082 0334 8 0322
neLie : (076~1.18) = (071~1.13) (071~1.13) | (07~1.12) :
093 082 081 0.1
artile3 | 3148 156 (5 0512 0.091 0.086 0.082
Cuertle ® (0.74~1.16) (0.65~1.03) (0.64~1.03) (0.64~1.03)
Quartile 4 3122 w2@s | 0% 0.158 922 0.009 974 0016 oo 0.019
(0.67~1.07) (057~092) (0.58~0.95) (0.59~0.95)
095 09 091 091
Pfortrend 12589 626 (5 0.163 0.006 0012 0.014
or tren ® (0.88~1.02) (0.83~0.97) (0.84~0.98) (0.84~0.98)

OR, odds ratio; CI, confidence interval; Ref: reference. Model 1 was adjusted for sociodemographic variables (age, sex, marital status, race/ethnicity, education level, family income). Model 2 was
adjusted for sociodemographic (age, sex, marital status, race/ethnicity, education level, and family income), hypertension, diabetes, coronary heart disease. Model 3 was adjusted for
sociodemographic (age, sex, marital status, race/ethnicity, education level, and family income), hypertension, diabetes, coronary heart disease, smoking status, physical activity, alcohol, and
dietary supplements taken.
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Variable OR (95%Cl) P value

Age (year) ‘ 1.05 (1.04~1.06) <0.001
Sex
Male
Female ‘ 0.39 (0.33~0.46) <0.001

Marital status, n (%)

Married or living with a partner 1 (reference)

Living alone 0.83 (0.7~0.98) 0.027

Race/ethnicity, n (%)

Non-Hispanic white 1 (reference)

Non-Hispanic black 1.1 (0.9~1.34) 0.372
Mexican American | 0.51 (0.37~0.69) <0.001
Others 0.81 (0.65~0.99) | 0.044

Education level (years), n (%)

<9 1 (reference)
9-12 1.36 (0.96~1.91) 0.081
>12 121 (0.87~1.69) = 0.267

Family income, n (%)

Low 1 (reference)
Medium 1.01 (0.83~1.22) 0.935
High 1.02 (0.83~1.25) 0.843

Hypertension, n (%)
No 1 (reference)
Yes 4.11 (3.48~4.85) <0.001

Diabetes, n (%)

No 1 (reference)
Yes 3.44 (2.9~4.09) <0.001
Coronary heart disease, n (%)

No 1 (reference)

Yes 427 (336~543) | <0.001

Smoking status, n (%)

Never 1 (reference)
Current 2.52 (2.11~3.01) <0.001
Former 1.19 (0.95~1.51) 0.135

Alcohol, n (%)

No 1 (reference)

Yes 1.4 (1.13~1.73) 0.002

‘ Physical activity, n (%)

Sedentary 1 (reference)

Moderate 1.1 (0.9~1.34) 0.336
Vigorous 0.92 (0.75~1.13) 0.441
Dietary supplements taken, n (%) 147 (1.24~1.73) <0.001

Vitamin C consumption (per100mg/d) | 0.91 (0.83~1.01) 0.07
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Total

Characteristic Population Ou_artile 1 Qu_artile 2 Qu_artile 3 Ou_artile 4

(n = 12589) (n = 3177) (n = 3142) (n = 3148) (n = 3122)
Age, Mean + SD 199175 1832173 198174 513£175 503 £ 17.6 <0.001
Sex, n (%) <0.001
Male 6203 (49.3) 1552 (48.9) 1495 (47.6) 1502 (47.7) 1654 (53)
Female 6386 (50.7) 1625 (51.1) 1647 (52.4) 1646 (52.3) 1468 (47)
Marital status, n (%) ‘ <0.001
:A;:::i:' living with 7513 (59.7) 1742 (54.8) 1910 (60.8) 1948 (61.9) 1913 (61.3)
Living alone 5076 (40.3) 1435 (45.2) 1232 (39.2) 1200 (38.1) 1209 (38.7)
Race/ethnicity, n (%) <0.001
Non-Hispanic white 5062 (40.2) 1409 (44.4) 1301 (414) 1245 (39.5) 1107 (35.5)
Non-Hispanic black 2639 (21.0) 743 (23.4) 625 (19.9) 619 (19.7) 652 (20.9)
Mexican American 1784 (14.2) 386 (12.1) 455 (145) 165 (14.8) 478 (15.3)
Others 3104 (24.7) 639 (20.1) 761 (242) 819 (26) 885 (28.3)
Education level (year), n (%) < 0.001
<9 990 (7.9) 234 (7.4) 254 (8.1) 273 (8.7) 229 (7.3)
9-12 4369 (34.7) 1360 (42.8) 1113 (35.4) 990 (31.4) 906 (29)
12 7230 (57.4) 1583 (49.8) 1775 (56.5) 1885 (59.9) 1987 (63.6)
Family income, n (%) < 0.001
Low 3896 (30.9) 1196 (37.6) 954 (30.4) 863 (27.4) 883 (28.3)
Medium 4873 (38.7) 1258 (39.6) 1252 (39.8) 1216 (38.6) 1147 (36.7)
High 3820 (30.3) 723 (22.8) 936 (29.8) 1069 (34) 1092 (35)
Hypertension, n (%) 3823 (304) | 968 (30.5) 937 (29.8) 987 (31.4) 931 (298) 0.504
DM, n (%) 1825 (145) 464 (14.6) 198 (15.8) 484 (15.4) 379 (12.1) <0001
CHD, n (%) 556 (4.4) 134 (42) 144 (4.6) 135 (43) 143 (46) 0.844
Smoking status, n (%) < 0.001
Never 7084 (56.3) 1563 (49.2) 1720 (547) 1862 (59.1) 1939 (62.1)
Current 3078 (24.4) 689 (21.7) 807 (25.7) 831 (264) 751 (24.1)
Former 2427 (19.3) 925 (20.1) 615 (19.6) 455 (14.5) 432 (138)
Alcohol, n (%) 9754 (77.5) 2518 (79.3) 2442 (77.7) 2392 (76) 2402 (76.9) 0015
Physical activity, n (%) < 0.001
Sedentary 7070 (56.2) 1699 (53.5) 1746 (55.6) 1828 (58.1) 1797 (57.6)
Moderate 2746 (21.8) 662 (20.8) 702 (22.3) 701 (22.3) 681 (21.8)
Vigorous 2773 (22.0) 816 (25.7) 694 (22.1) 619 (19.7) 644 (206)
Dictiry supplements tiken, 6726 (53.4) 1434 (45.1) 1611 (51.3) 1858 (59) 1823 (58.4) <0001

n (%)

DM diabetes; CHD, coronary heart disease.
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Subgroup Total Event (%) OR (95%CI) P for interaction

Overall
Crude 12589 626 (5) 0.91 (0.83~1.01) —
Adjusted 0.88 (0.79~0.97) ——
Age
<65 9591 327 (3.4) 0.92 (0.8~1.05) o’ 0.24
=65 2998 299 (10) 0.84 (0.71~0.99) - m
Gender
Male 6203 441 (7.1) 0.92 (0.81~1.03) —— 0.016
Female 6386 185 (2.9) 0.73 (0.57~0.93) e p—
Income
Low 3896 192 (4.9) 0.87 (0.71~1.06) — 0.409
Median and high 8693 434 (5) 0.88 (0.78~1) - om
Alcohol
No 2835 109 (3.8) 0.89 (0.68~1.16) —f— 0937
Yes 9754  517(5.3)  0.87 (0.78~0.98) ——
Hypertention
No 8766  236(2.7) 0.8 (0.66~0.96) R 0.231
Yes 3823 390 (10.2) 0.92 (0.81~1.05) ——
CHD
No 12033 534 (4.4)  0.88 (0.79~0.99) N 0.646
Yes 556 92 (16.5) 0.83 (0.63~1.11) —n
T 1
0.50 0.71 1.0

Effect(95%Cl)
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29400 Participants who completed
the interview

12343 Participants who <20
years old

17057 Participants aged 20

years or olded Excluded 4468

190 pregnant women
21 incompleted a questionnaire survey
on gout
2251 participants with missing data
for dietary vitamin C intake
2006 participants with missing data
for covariates

12589 Final population

626 gout sufferers 11963 non-gout sufferers
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nutrients Outcome

Calcium Hypertensive renal disease
Selenium Hypertensive renal disease
Selenium Chronic kidney

Selenium Diabetic nephropathy

Vitamin D Cystic kidney disease

Sensitivity Analysis

Heterogeneity

Pleiotropy

Heterogeneity

Pleiotropy

Heterogeneity

Pleiotropy

Heterogeneity

Pleiotropy

Heterogeneity

Pleiotropy

Method
Cochranis Q test MR-Egger

Cochran's Q test (IVW)
Intercept of MR-Egger test
MR- PRESSO global test
Cochran's Q test MR-Egger
Cochrans Q test (IVW)
Intercept of MR-Egger test
MR- PRESSO global test
Cochran's Q test MR-Egger
Cochran's Q test (IVW)
Intercept of MR-Egger test
MR- PRESSO global test
Cochran's Q test MR-Egger
Cochran's Q test (IVW)
Intercept of MR-Egger test
MR- PRESSO global test
Cochran's Q test MR-Egger
Cochrans Q test (IVW)
Intercept of MR-Egger test

MR- PRESSO global test
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GWAS ID Population  Trait Consortium Sample Number of

size SNPs
ebi-a-GCST90025990 European Calcium levels NA 400,792 4,218,949
ebi-a-GCST0025967 European Vitamin D levels NA 418,691 4225238
ieu-a-1073 European Copper NA 2,603 2,543,646
ieu-a-1049 European Tron GIs 23,986 2,096,457
ieu-a-1077 European Selenium NA 2,603 2,543,617
ieu-a-1079 European Zinc NA 2,603 2,543,610
met-a-348 European Ascorbate (Vitamin C) NA 2,085 2,545,101
finn-b-19_HYPTENSRD European Hypertensive renal disease FinnGen_r5 163,305 16,380,163
finn-b-DM_NEPHROPATHY_EXMORE European FinnGen_r5 184,987 16,380,336
finn-b-N14_CHRONTUBULOINTNEPHRITIS | European Chronic tubulointerstitial nephri FinnGen_r5 201,648 16,380,412
ebi-a-GCSTO10005 European Membranous nephropathy NA 7,979 5,327,688
ebi-a-GCST00I8866 European IgA nephropathy NA 477,784 24,182,646
finn-b-Q17_CYSTIC_KIDNEY_DISEA European Cystic kidney disease FinnGen_r5 218,448 16,380,465
finn-b-N14_CHRONKIDNEYDIS European Chronic kidney discase FinnGen_r5 216743 16,380,459
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Variables Categories Frequency Percentage

Nutrition-related knowledge Adequate 76 177
Inadequate 354 823
Nutrition-related attitude Favorable 288 67.0
Unfavorable 142 330
Household food security Food Secure 321 747
Mildly food insecure 33 77
Moderately food insecure 64 149

Severely food insecure 12 28
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Micronutrient Actual intake NAR Prevalence of
micronutrient
inadequacy (%) and

Median IGR (@3-Q1) Median IGR (@3-Q1)

(95% CI)

Vitamin Ag) 850 2929 3265 034 038 86.7(83.590.0)
Vitamin B1(mg) 15 34 50 227 33 337(29.3,38.4)
Vitamin B2(mg) 16 14 12 08 075 57.4(528,62.1)
Vitamin B3(mg) 17 10.7 7.4 0.63 0.44 80.5(76.5,84.0)
Vitamin B6(mg) 2 28 15 140 075 18.1(14.7,22.1)
Vitamin B9 (meg) 500 3653 6452 073 129 60.7(56.3,65.6)
Vitamin B12 (mcg) 28 <0.001 09 <0.001 032 82.3(78.6,85.6)
Vitamin C(mg) 70 144 142 021 0.20 98.4(97.099.5)
Calcium(mg) 1,000 6146 3149 061 031 92.8(90.095.1)
Iron(mg) 15 2727 1255 1818 837 0(0,0)

Zinc(mg) 72 97 60 135 084 28.8(24.7.32.8)
Selenium (mcg) 42 657 429 156 102 1370107,17.0)
MAR (<75%) 67.7 72.3(67.9,76.5)

RDA, Recommended Daily Allowance; NAR, Nutrient Adequacy Ratio; MAR, Mean Adequacy Ratio; IQR, Interquartile Rang

), Quartile; CI, Confidence Interval.
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Variables Inadequate n (%)  Adequaten (%) COR(95%Cl)  AOR (95% ClI)

Maternal age in years

18-25 94(79.0) 25(21.0) 210(01.03.4.29)* 252(109583)*
26-35 183(709) 75(29.1) 136(0.73,2.54) 141073,2.71)
236 34(64.2) 19(35.8) 1 1
Maternal education
Unable to read and write 233(73.0) 86(27.0) 1.91(0.88,4.17) 3.49(1.24,9.83)*
Primary school incomplete 310775) 9(225) 243(0.85.6.93) 3.56(1.06,11.99)*
Primary school completed 30(71.4) 12(286) 177(0.654.78) 222071,697)
Secondary school completed or above 17(58.6) 12(41.4) 1 1
Partner occupation (423)
Farmer 278(71.3) 112(8.7) 1 1
Other' 28(8438) 515.2) 226(0.85,5.99) 332(1.08,10.27)*
Wealth Index
Poorest 62(72.1) 24(27.9) 1
Poor 55(65.5) 29(345) 073(0.38,1.41) 0.73(0.33,1.59)
Medium 57(67.1) 28(329) 0.79(0.41,1.51) 0.81(0.38,1.76)
Rich 66(73.3) 24(267) 1.07(0.55,2.07) 1.08(049,2.35)
Richest 71(835) 14(16.5) 1.96(0944.12) 1.66(0.71,3.86)
Household food security
Food Secure 223(69.5) 98(30.5) 1 1
Food Insecure 88(80.7) 210193) 1.84(1.083.14)* 1.83(1.043.23)%
Nutrition-related knowledge
Adequate 48(63.2) 28(36.8) 1 1
Inadequate 263(743) 91(25.7) 1.69(0.99,2.85) 140(0.78,2.51)
Nutrition-related attitude
Favorable 199(69.1) 89(30.9) 1 1
Unfavorable 112(789) 3021.1) 167(1.04.2.68)* 1.77(107,293)%

*p-value <005, 1: reference group, COR, Crude Odds Ratio; AOR, Adjusted Odds Ratio; Cl, Confidence Interval. “Merchant, Student, Daily laborer, Driver, Soldier, Veterinarian.
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Trace element Number of Europeans GWAS ID
Exposure Zinc 2,603 ieu-a-1079
Exposure Copper 2,603 ieu-a-1073
Exposure Calcium 64,979 ukb-b-8951
Exposure Carotene 64,979 ukb-b-16202
Exposure Folate 64,979 ukb-b-11349
Exposure Iron 64,979 ukb-b-20447
Exposure Magnesium 64,979 ukb-b-7372
Exposure Potassium 64,979 ukb-b-17881
Exposure Selenium 2,603 ieu-a-1077
Exposure Vitamin A 8,863 ukb-b-9596
Exposure Vitamin B12 64,979 ukb-b-19524
Exposure Vitamin B6 64,979 ukb-b-7864
Exposure Vitamin C 64,979 ukb-b-1939
Exposure Vitamin D 64,979 ukb-b-18593
exposure Vitamin E 64,979 ukb-b-6888
Outcome Rheumatoid arthritis 6,693 finngen_R10_RHEUMA _

OTHER_WIDE
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l Relationship between 15 micronutrients and Rheumatoid arthritis.
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Nutrients/
category

Anti-inflammatory effects

Pro-inflammatory effects

Refrences

vitamin C

vitamin B1

vitamin B2

Vitamin B3

Vitamin B5

Vitamin B6

Vitamin B7

Vitamin B9

Vitamin B10

(PABA)

Vitamin B12

Vitamin B13
(Orotate)

Vitamin B17
(Amygdalin)

1. Vitamin C offers protection against oxidative stress.

2. Although these effects have been demonstrated to decrease the synthesis
of antioxidant defense, impair proteolytic activity, and stimulate the buildup
of oxidized proteins, vitamin C can offset the effects of long-term
modifications that can generate free radicals.

1. Cancer patients had 20% lower blood levels of thiamine and thiamine
diphosphate (TDP), 20% lower transketolase activity, and a 5-to 42% lower
TDP impact.

LRiboflavin deficiency has been associated with inhibiting tumor growth in
both animal models and cell studies.

2. A few cohort studies and meta-analyses have linked total riboflavin intake
from meals and supplements to a lower risk of colon cancer.

L There is a positive correlation between the mRNA levels of genes
associated to NAD+ production and the expression of genes influencing
muscle mitochondrial biogenesis, muscle mass growth, and muscle
regeneration in animals.

2. Niacin in dogs (100 mg/day) has the potential to reduce
hypertriglyceridemia by inhibiting the release of fatty acids from adipocytes
and the formation of VLDL.

1.Vitamin B5 and CoA promote the differentiation of CD8 + cytotoxic T
cells into Tc22 cells that generate interleukin-22 (IL-22).

1. The potential of vitamin B6 to prevent DNA damage may contribute to
its anticancer properties.

1.The absence of biotin affects the expression of transcription factors like
NE-kB and $P1/3, indicating that biotin regulates immunological
phenomena via mechanisms besides carboxylation and decarboxylation

LIn primary human lymphocytes, folate deprivation decreased cell
proliferation and increased apoptosis, cell cycle arrest, and DNA strand
damage.

1. PABA could be an agent that increases the anticancer activity of ionizing

radiation through a process that involves changes in the expression of
proteins that control cell cycle arrest.

1. Deficiency in vitamin B12 leads to a higher rate of uracil
misincorporation, which impedes DNA synthesis and culminates in
genomic instability.

2. After receiving NO-Cbl treatment for ten weeks, the Giant Schnauzer's
tumor volume had decreased by 77%.

3. A promising anti-cancer treatment that capitalizes on the tumor-specific
properties of the vitamin B12 receptor is the use of NO-Cbl in dogs.

1. Magnesium orotate, a combination of magnesium and orotic acid, can be
used as an adjuvant treatment for type 2 diabetes, hypertension, congestive
heart failure, and post-operative cardiac condition.

1 Thus, amygdalin has been shown in vitro experiments to induce apoptosis
due to upregulated expression of caspase-3 and Bax protein and
downregulated expression of Bcl-2, an anti-apoptotic protein.

1.Thiamine supplementation may be the reason of the
high rate of tumor cell proliferation, survival, and
resistance to chemotherapy.

2. Furthermore, thiamine has been connected to
cancer through its effects on reactive oxygen species,
cyclooxygenase-2, prostaglandins, matrix
metalloproteinases, and nitric oxide synthase.

1. High-dose of RF supplementation was important in
inducing cancer cells to proliferate, invade, and
migrate.

1. Erythema, pruritus, abnormal liver function test
results, vomiting, and diarrhea are potential niacin
side effects.

1. To sustain one-carbon metabolism and the growth
of tumor cells, pancreatic ductal adenocarcinoma
(PDAC) cells actively consume VB6, depriving the
tumor microenvironment of VB6.

TDP, thiamine diphosphate; NAD?, Nicotinamide adenine dinucleotide; VLDL, Very Low-Density Lipoprotein; NO-Cbl, nitrosylcobalamin.

(71)

(80, 86)

(80)

(88, 90)

(91,92)

(105, 109)

(107, 109)

(110)

(124, 127)

(140)

(153)

(169)

(181)

(182)

(182)

(185, 186)

(205)
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Nutrients/ Anti-inflammatory effects Pro-inflammatory effects Refrences

category

vitamin A 1. via the inhibition of IL-12 and IFNY, which are produced by Th1 1. RBP4 and NF-kB could function in tandem to enhance (22, 27)
cells, vitamin A may activate the Th2 anti-inflammatory response the tumor's ability to propagate and metastasize.
2. In the tumor tissue of 67NR/RBP4, but not in the cell (26, 27)
culture of these cells, RBP4 overexpression resulted in an
increase in VEGF.
vitamin D 1.Fed diets adequate in calcium and vitamin D, rats fed diets insufficient (32)
in these nutrients saw a marked increase in the incidence of breast
cancers after being exposed to the carcinogen 7,12-
dimethylbenzanthracene (DMBA).

It has been shown that calcitriol/VDR in cancer cells enhances the (39)
activity of Transforming Growth Factor beta (TGF-), inhibits

mitogenic growth factors (EGF, IGF-1), and activates cyclin-dependent

kinase inhibitors, all of which prevent cancerous cells from proliferating.

vitamin E 1. o-tocopherol is the most often utilized and effective form of these, (41)
and it is recognized as a powerful antioxidant that neutralizes free
radicals and shields biological components from oxidative damage and
lipid peroxyl radicals.

2. Vitamin E affects the formation of nitric oxide (NO) via inhibiting (46)
transcription nuclear factor kappa B (NF-KB) activation, which is
connected to the nitric oxide synthase gene.

3. In dogs, VE resulted in the suppression of monocyte-endothelial cell (47)
adhesion, a crucial step in the atherogenic process, and a decrease in IL-
1B, a cytokine that can lead to atherosclerosis.

Vitamin K 1.By preventing the release of cytokines like IL6 and the activity of 1. Based on genomic databases, vitamin K has been shown = (51, 64)
nuclear factor kappa B (NF-kB), vitamin K has an anti- to have oncogenic effects in breast and pancreatic cancer
inflammatory impact. by increasing the production of y-carboxylated proteins. In

this way the administration is contraindicated.

VDR, Vitamin D Recptors; IL-12, Interleukin-1; Th1, T helper cells 1; Th2, T helper cells 2; TNE-KB, Tumor Necrosis Factor-kappa-Beta; NE-KB, Nuclear Factor-Kappa-Beta; ROS, Reactive
Oxygen Species; RBP4, Retinol-binding protein 4; VEGF, vascular endothelial growth factor; EGF, Epidermal growth factor, IGF-1, Insulin-like growth factor I; 67NR, nonmetastatic 67NR
‘mammary gland cancer; IL-1B, Interleukin-1 beta; IL-6, Interleukin-6.
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(trials) E=BE Vitamin-C  Control Difference evidence

‘The primary outcome

In-hospital mortality 3,244 (10) RR 085 0.62, 1.17] 538 386 27 (-67,30) Moderate"
‘The secondary outcomes

Intensive care unit length of stay 136 (3) MD 086 [~0.54, 2.25] - - MD 0.86 [~0.54, 2.25] Moderate*
Hospital length of stay 382(5) MD -0.54(-3.10,201) - - MD ~0.54 [-3.10,201] High

CI, confidence interval; MD, mean difference; RR, rik ratio.
“Inconsistency: due to high I value of 75%.
* Imprecise: due to small number of studies and few participants.





OPS/images/fnut-11-1356594/fnut-11-1356594-t002.jpg
(1) Elderly males and females (>65years)

(2) >6-month life expectancy, as judged by physician

(3) Willing to be randomized into study groups

(4) Able to swallow pills

(5) Not currently on antibiotics

(6) If consuming RDA levels of supplement, willing to replace with
our control supplement; calcium, vitamin D and iron supplements
are permitied

(7) Willing to receive influenza vaccine

(8) BMI> 18kg/m * and albumin >3.0g/dL.

Exclu:

ter

(1) Anticipated transfer or discharge within 3 months of enrollment

(2) Bed- or room-bound continuously for previous 3months

(3) Presence of lung neoplastic diseases or other neoplastic diseases requiring chemotherapy and/or
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(5) Long-term (230days) IV or urethral catheters
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(8) Those with PEM defined as albumin <3.0g/dL and BMI <18 kg/m*

(9) Consumption of supplements containing more than the RDA level of nutrients known to affect
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Fe) cellular CBC
Zn albumin,
CRP?, BMI*

Baseline x x x x x x x x x x x x x
Month 4 x x x
Month 8 x x x
Month 12 x x x

'SES, Socioeconomic status. “CBC, Complete blood count with differential. ‘CR, C-reactive protein. ‘BMI, Body mass index. Total blood collected 120mL. Other outcomes: Every 2 weeks: adverse event assessment- screen and record NH residents every 2 weeks for the
following symptoms: nausea, vomiting, abdominal discomfort, neurologic abnormalities. Throughout the study: new disease, medications, transfers.
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Maternal age (years) 18-25 19 277
26-35 258 600
236 5 123
Religion Orthodox 430 100
Maternal education Unable to read and write 319 742
Primary school incomplete 0 93
Primary school completed 2 98
Secondary school completed 2 56
University or college completed 5 12
Maternal occupation Farmer 33 774
Merchant 17 40
Housewife 78 181
Employee 2 05
Maternal marital status Married 423 98.4
Widowed 7 16
Partner education (423) Unable to read and write 193 449
Primary school incomplete 165 384
Primary school completed 1 102
Secondary school completed 17 40
University or college completed 4 09
Partner occupation (423) Farmer 390 907
Merchant 15 35
Student 4 09
Daily laborer 7 16
Other" 7 16
<4 123 286
5-7 24 521
28 ) 193
Parity < 123 26
35 209 86
26 98 28
Number of <5 children 1 300 698
22 130 302
Wealth Index Poorest 86 200
Poor 84 195
Medium 85 198
Rich %0 209
Richest 85 198

“Driver, Soldier, Veterinarian.
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Country  Patients,n  Age, years Male, (%) Treatment in the intervention group Treatment in the

control group

Beigmohammadi etal. (11) Tran 60 51001725 15(50.0%) 25,0001U daily of vitamins A, 600,0001U once during the study of D, 3001U twice daily of E,  Standard of care alone
500 mg four times daily of C, and one amp daily of B complex.

Coppocketal. (12) United States 66 60417 22(50.0%) Escalating doses of intravenous vitamin C plus standard of care Standard of care alone

Darban etal. (13) Tran 20 NR NR Standard care plus intravenous vitamin C (2, q6hr), oral melatonin (6mg, qéhr), and oral Standard of care alone

zinc sulfate (50mg, q6hr)

Hakamifard etal. (20) Tran 72 3568 24 (63.2%) Oral vitamin C 1000 mg daily plus oral vitamin E 4001 daily in addition to the national Standard regimen alone
standard treatment regimen

Kumari etal. (15) Pakistan 150 52411 NR 50 mg/kg/day of intravenous vitamin C Standard therapy

Majidi etal. (16) Tran 100 59.42 % 15.07 19 One capsule of 500 mg of vitamin C daily ‘The same nutrition except for

vitamin C supplements

Adhikari etal. () Canada 2591 59.973.08 655(632%) | Vitamin Cadministered intravenously (S0mg/kg of body weight administered intravenously  Placebo or no vitamin C
over 30-60min every 6h)

JamaliMoghadamsiahkali Iran 60 5753+ 1827 15 High-dose intravenous vitamin C (6 daily) wit/ritonavir and
etal. (149) hydroxychloroquine
Tehrani etal. (17) Iran a4 58219 8 Intravenous vitamin Cata dose of 2 every 6h Standard therapy
Thomas etal. (15) UsA 98 4564150 15 10days of vitamin C (8,000mg) Standard therapy
Zhang etal. (19) China 56 6634112 15 (55.6%) 12g of vitamin C/50mL every 12h Placebo

NR, not reported.
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Vitamin-C Control Mean Difference Mean Difference
Study or Subgroup _Mean _SD Total Mean SD Total Weight IV, Random, 95% C IV, Random, 95% C|
Darban, 2021 141 42 10 15 33 10 149%  -090[4.21,241] e
Siahkali, 2021 65149 30 5505 30 816%  1.00[043,157) L]
Zhang, 2021 29 148 21 178 133 29 34% 510(-229,1249 ]
Total (35% CI) 67 69 100.0%  0.86[-0.54,2.25]

Heterogeneity: Tau?
Test for overall effect: Z

20(P=023)

B
Vitamin-C

dy or Subgroup _Mean _SD Tota
Hakamifard, 2022 795 318 38
Kumari, 2020 81 18 75
Siahkali, 2021 9144 30
Tehrani, 2021 “ 8 18
Zhang, 2021 B 172
Total (95°% CI) 188

hit =2.44, df = 2 (P =0.30); P = 18%

Control
Mean _SD
803 283
107 22
725 231
17 8
28 17

Mean Difference
R o

Weight IV om, 9
B7% 008147131
203%  -260(324,-196]
%67%  175(078,272)
140% 300781, 181)
63%  220(671,11.11)

100.0%  -0.54[-3.10,2.01]

Heterogeneity: Tau? = 6.10; Chi* = 56.95, df = 4 (P < 0.00001); I* = 93%

Test for overall effect: Z = 0.42 (P = 0.68)

40
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5 0 5
wours [Vitamin-C]  Favours [Control]
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Vitamin-C Control Risk Ratio
‘Adhikari N, 2023 463 1493 264 1097 25.2% 1.29(1.13,1.47)
Boigmohammadi, 2021 o 30 4 30 12% 0.1 (0,01, 1.98)
Coppock, 2022 31 a4 20 22 230% 0.78(0.61,0.98)
Darban, 2021 2 10 2 10 29% 1.00(0.17. 5.77)
Kumari, 2020 7 78 1 75 Bs% 064 [0.26, 1.55]
Majidi, 2021 Y 67 69 243% 0.83(0.70, 0.99)
Siahkall, 2021 3 30 3 30 37% 1.00(0.22. 4.56]
Tehrani, 2021 o 18 a 26 12% 0.16 (0.01, 2.76]
Thomas, 2021 1 a8 o 50 10% 3.42(0.13. 74.82)
Zhang, 2021 6 27 1M 29 % 059 [0.25, 1.36]
Total (95% CI) 1806 1438 100.0% 0.85[0.62,1.17]
Total ovents. 538

Teterogenely: Taut = 0.10; Gh o 36.76, df = 3 (5 < 0.0001): 1 = 76%

Tost for overall effect: Z = 1.01 (P = 0.31)

Risk Ratio

3

Favours (Viamin-C] ' Favours (Gontrol)
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Ezzeldin
Saleh (16)
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etal. (34)
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(18,19)
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etal. (22)
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(3,14

Tomohiro
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33)

Nutrient

Omega-3

Probiotics

Vitamin D

Citrulline

Octanoic acid

Low-
methoxyl

Pectin

Dates

2018

2019-

2022

2022

2022

2023

2023

Subjects

Septic
patients

Elderly
patients with

sepsis

CLP mice

CLP mice

Septic rats

Septic rats

Outcomes
Improved organ
function and
reduced ICU stay
in septic patients.
Significantly
improved
intestinal
function,
nutritional status,
and prognosis.
Reduced
intestinal
inflammation
and improved
intestinal
epithelial
integrity.
Enhanced
immune function
and reduced
secondary
infections.
Alleviated acute
liver injury in
septic rats.
Reduced risk of
diarrheaand
decreased local

inflammation.
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Variables (n =335)

Sex head of household
Male
Female
Place of residence
Rural
Urban
Age of first marriage
< 18years
> 18years
Birth interval
<24months
> 24months
Rate of flow of menstruation
Heavy
Moderate
Low
History of abortion
Yes
No
Recurrent illness during pregnancy
Yes

No

Anemia
Yes No
No. (%) No. (%)
95 (38.6) 151 (61.4)
18.(20.2) 71(79.8)
52(515) 49 (48.5)
61(26.1) 173 (739)
50 (44.6) 62(55.4)
63(283) 160 (71.7)
59(39.9) 89(60.1)
39(29.1) 95 (70.9)
59 (38.8) 93 (61.2)
43(326) 89 (67.4)
11(21.6) 40 (78.4)
33 (47.1) 37(52.9)
80(302) 185 (69.8)
21(55.3) 17 (44.7)
92(31.0) 205 (69.0)

COR, Crude odds ratio; AOR, Adjusted odd ratio; *p value <0.05, **p value <0.001

COR (95%Cl)

2.482(1.393, 4.421)

1

3.010 (1,849, 4.899)

2.048 (1.276,3.287)
1

1615 (0.982,2.655)

1

2.307 (1,098, 4.849)
1757 (0.822,3.757)

1

2,062 (1.205, 3.531)

2753 (1.387, 5.461)

1

AOR (95%Cl)

2217 (1.146, 4.286)

3805 (2.118,6.838)

2.137(1.193,3.830)
1

1548 (0.885, 2.708)

2,009 (0.856,4.713)
1280 (0.534,3.070)

1

1648 (0876, 3.100)

3.189 (1.405,7.241)

p value

0.018*

<0001

0.011%

0.126

0.109

0580

0121

0.006*
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Variables (n = 335)

Nutritional counseling
Distance from home to
health institution

Food fortification

Iron supplementation

starting time

Source of drinking water

Availability of atrine

Dewormingin last 6 month

DDS

MUAC of mother

Meal frequency

No (%)
175 (52.2)
160 (47.8)
243 (72.5)
92(27.5)
218 (65.1)
117(349)
162 (48.4)
55 (16.4)
67(200)
51(15.2)
285 (85.1)
28(8.4)
22(66)
275 (82.1)
60 (17.9)
108 (32.2)
227 (67.8)
236 (704)
60 (17.9)
9 (11.7)
72 (215)
263 (78.5)
61(18.2)
274 (81.8)
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Exposure Outcome n SNPs IVW OR IVWp-  Cochrane’s  Cochrane’s ~MR-Egger = MR-Egger

(95% ClI) value® [e] Qp-value*  Intercept® Intercept

p-value?®
Copper Graves' disease 2 1183(1.020-1372) | 0.025 0043 0835 NA® Na¢
Tron Graves'di 3 1031(0815-1305)  0.794 2980 0.225 ~0.001 0987
Zine Graves 2 1072(0.903-1.272) | 0.426 1632 0.201 NA® NA®
Calcium Graves' disease 204 1040 0.861-1.256)  0.679 2642 0.002 ~0010 0030
Vitamin C 68 1011(0978-1045) | 0491 141.42 0.047 ~0.007 0.108
Vitamin D 16 0902(0.747-1133) 0436 58,602 0.757 ~0.005 0.776

‘Nominal p-value.
“The MR-Egger intercept quantifies the effect of directional pleiotropy (p < 0.05, which means possible pleiotropy).
Insufficient number of SNPs for MR-Egger analyss.
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Instrumental variables (IV) Assumption 1 Exposure MR Outcome
Single-nucleotide polymorphism Micronutrient (Cu, Graves' Disease
(SNP) for micronutrients Ir, Zn, Ca, VC, VD)
1 Assumption 3 A

Sensitivity analyses: Cochran's Q.
MR-Egger intercept tests
MR-PRESSO

Leave-one-out analyses

Funnel plots
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Mediators IDE DE iE

Pinairect 95% 1 Barect 957% ) Protat 05 <

Short duration

NEU 1.001 (1.001-1.002) 1,029 (1.022-1.035) 1030 (1.024-1.036) 503
WBC 1.002 (1.001-1.002) 1.028 (1.022-1.035) 1030 (1.024-1.036) 572
25(0H)D; 1.001 (1.000-1.002) 1,029 (1.023-1035) 1,030 (1.024-1.036) 412
Long duration

NEU 1.003 (1.002-1.004) 1.024 (1.014-1.034) 1026 (1.016-1.037) 9.98
WBC 1.002 (1.001-1.003) 1.024 (1.014-1.034) 1,026 (1.016-1.036) 865
BR 1.003 (1.002-1.005) 1.023 (1.013-1.033) 1026 (1.016-1.037) 1341
SUA 1.002 (1.001-1.003) 1.024 (1.013-1.034) 1026 (1.016-1.036) 861
MMA 1.001 (1.000-1.002) 1,015 (1.002-1.029) 1,016 (1.003-1.030) 499

NEU, absolute neutrophil count; WBC, white blood cell; 25(OH)D3, 25-hydroxyvitamin D.s BR, serum total bilirubin; SUA, serum uric acid; MMA, methylmalonic acid. IDE, Indirect Effect;
DE, Direct Effect; TE, Total Effect; PM, Percentage Mediated.
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Model 1 Model 2 Model 3

Short duration Long duration Short duration Long duration Short duration Long duration
OR (95% P OR (95% P OR (95% CI) P OR (95% P OR (95% CI) P OR (95% P
Cl) Cl) Cl) Cl)
Gender
Male I 2517 Ref Ref Ref Ref Ref Ref
k3 2558 | 073(0.67-080) <001 | 075(0.66-085) <001  075(0.68-081) <001 077(067-088) <001 | 078(072-086) = <001 | 0.83(073-095)  <0.01
T 3098 | 064(059-0.69) <001 | 054(047-0.62) <001  067(0.61-072) <001 058(050-066) <001 | 072(067-079) = <001 | 0.66(057-0.75)  <0.01
Female I 2613 Ref Ref Ref Ref Ref Ref
k=3 2254 073(0.67-080) <001 | 075(0.66-085) <001  075(0.68-081) <001 077(067-088) <001 | 078(072-086) = <001 | 0.83(0.73-095)  <0.01
T 2551 | 064(0.59-0.69) <001 | 054(047-0.62) <001  067(0.61-0.72) <001 058(050-066) <001 | 072(067-079) = <001 | 0.66(057-0.75)  <0.01
Age
<50 I 2338 Ref Ref Ref Ref Ref Ref
T 2420 073(0.67-0.80) <001 | 075(0.66-0.85) <001  075(0.68-0.81) <001 077(067-088) <001 | 078(072-086) = <001 | 0.83(0.73-095)  <0.01
T 3044 064(059-0.69) <001 | 054(047-0.62) <001 067(0.61-0.72) <001 058(050-066) <001 | 072(067-079) = <001 | 0.66(057-0.75)  <0.01
>=50 bl 2792 Ref Ref Ref Ref Ref Ref
T2 2392 073(0.67-0.80) <001 | 075(0.66-085) <001  075(0.68-081) <001 | 077(067-088) <001 | 078(072-086) = <001 | 0.83(073-095)  <0.01
T 2505 | 064(0.59-0.69) <001 | 054(047-0.62) <001  067(0.61-0.72) <001 | 058(050-066) <001 | 072(067-079) = <001 | 0.66(057-0.75)  <0.01
Education
Less than College ~ T1 2841 Ref Ref Ref Ref Ref Ref
T 2113 073(0.67-0.80) <001 | 075(0.66-085) <001  075(0.68-0.81) <001 | 077(067-088) = <001 | 078(072-086) = <001 | 0.83(073-095)  <0.01
T3 1887 064(059-0.69) <001 | 054(047-062) <001 0.67(0.61-0.72) <001 058(050-066) <001 | 072(0.67-079) <001 | 066(057-075) <001
College or higher  T1 2286 Ref Ref Ref Ref Ref Ref
T 2696 | 073(0.67-0.80) <001 | 075(0.66-085) <001  075(0.68-081)  <0.0001  077(067-088) <001  078(072-086) = <001 | 0.83(073-095)  <0.01
T 3761 064(059-069) <001 | 054(047-062) <001 0.67(061-072) <0000  058(050-0.66) <001 | 072(067-079) <001 | 0.66(057-0.75) <001

Model 1, no adjusted. Model2, Adjust for sx, age, ace, hypertension, diabetes, tumor. Model3, Adjust for the variables in Model 2 plus education, maritalstatus, and annual family income. OR (95% C1) ods rato, 95 percent confidence interval. Recommended slecp
duration is used as a reference category for sleep duration.
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Characteristics

Age (years), mean (SD)
Gender, N (%)

Male

Female

Race/ethnicity, N (%)

M

in-American
Non-Hispanic White
Non-Hispanic Black
Other-Race
Education, N (%)
Less than high school
High School

College or higher

tal (N =15,591)

49.41£17.36

8,173 (52.42)

7,418 (47.58)

2,143 (13.75)
7,572 (48.57)
3,042 (19.51)

2,834 (18.18)

3292(21.11)
3,549 (22.76)

8,743 (56.08)

Marital status, N (%)

Married 8,196 (52.57)
Other 7,391 (47.41)
P ratio, mean (SD) 2624164
Sleep duration (hours), mean (SD) 698146
Sleep duration, N (%)

Short 5456 (34.99)
Recommended 8,617 (55.27)
Long 1,518 (9.74)

Methylmalonic acid, median (Q1,Q3)

TC (mg/dL), mean (SD)
TG (mg/dL), mean (SD)
LDL-¢ (mg/dL), mean (SD)
HDL-c (mg/dL), mean (SD)
HbALG %

FBG,(mg/dL), mean (SD)
Hypertension, N (%)

Yes

No

Diabetes, N (%)

Yes

No

“Tumor, N (%)

Yes

No

PU ratio, Poverty-to-income ratio; T¢

193.7442.01
127.26£107.05
114413558
527341630
573£1.05

1087943532

5,600 (35.92)

9,991 (64.08)

1990 (12.76)

13,601 (87.24)

1,585 (10.17)

14,006 (89.83)

140.00 (108.00,185.00)

T1(<19) (N

510941770

2,517 (49.06)

2,613 (50.94)

655 (12.77)
2,189 (42.67)
1,406 (27.41)

880 (17.15)

1,468 (28.62)
1,373 (26.76)

2,286 (44.56)

2441 (47.58)
2,688 (52.40)
2234154

6.88+1.64

2044 (39.84)
2492 (48.58)
594 (11.58)

144.00 (110.00,194.00)

194.22243.08
13144210239
114.84+36.90
517341650
5854115

112413981

2,138 (41.68)

2,992 (58.32)

852(16.61)

4,278 (83.39)

518 (10.10)

4,612 (89.90)

(19-26) (N = 4,812)

49831732

2,558 (53.16)

2,254 (46.84)

656 (13.63)
2,378 (49.42)
876 (18.20)

902 (18.74)

1,012 (21.03)
1,101 (22.88)
2,696 (56.03)

2,594 (53.91)
2216 (46.05)
2674164

7024143

1,622 (33.71)
2,707 (56.26)

483 (10.04)
139.00 (106.50,186.00)
194.12£43.07
130,65+ 114,69
1147043591
521741597
5754105

109.48£36.42

1798 (37.36)

3,014 (62.64)

658 (13.67)

4,154 (86.33)

489 (10.16)

4,323 (89.84)

T3 (>26) (N

47531689

3,098 (54.84)

2,551 (45.16)

832(14.73)
3,005 (53.20)
760 (13.45)

1,052 (18.62)

812(1437)
1,075 (19.03)

3,761 (66.58)

3,161 (55.96)
2,487 (44.03)
2945167

7034129

1790 (31.69)
3,418 (60.51)

441 (7.81)
138,00 (107.00,178.00)
192.97£4008
120,59+ 104.20
1137843405
541141630
5614092

104.89+29.09

1,664 (29.46)

3,985 (70.54)

480 (8.50)

5,169 (91.50)

578(10.23)

5,071(89.77)

Total Cholesterol; TG, triglyceride; LDL-c, Low density lipoprotein cholesterol; HDL-c, High-density lipoprotein cholesterol; HbA1, Glycosylated hemoglobin; FBG, Fasting blood glucose.

<001

<001

<001

<001

<001

<001

<001

<001

<001

062

074

<001

<001

<001

<001

<001

097
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A. OBS

OR (95%CT)

P total < 0.01, P non-lineaity = 0.69
94

P total <0.01, P non-lineaity

10 20 30

B. Dietary OBS

OR (95%CT)

0

P total < 0.01, P non-linearity

P total < 0.01, P non-linearity

C. Lifestyle OBS

OR (95%CT).

3

075

P total < 0.01, P non-linearity = 0.61
P total < 0,01, P non-linearity = 0.69
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OR (95% CT) OR (95% CT)
0BS
Model 1
TI ref. ref.
T2 —_— 0.74(0.68, 0.80) —_— 077 (0.67,0.87)
T3 —— 0.63 (0.59, 0.69) 057 (0.50,0.65)
Model 2
TI ref. ref.
T2 —_— 0.73 (0.67, 0.80) —_— 0.78 (0.68, 0.89)
T3 0.62(0.58, 0.68) —_— 060 (0.52,0.68)
Model 3
TI ref. ref.
T2 —_— 079 (0.73, 0.86) —_— 085 (0.74,097)
T3 —_— 0.71(0.65,0.77) —_— 0.69 (0.60,0.79)
Dietary OBS
Model 1
TI ref. ref.
T2 —— 0.77(0.71,0.84) —_— 0.76 (0.67, 0.87)
T3 —_— 0.68 (0.62,0.73) —_— 063 (0.55,0.71)
Model 2
T ref. ref.
T2 —_—— 0.77(0.71, 0.84) —_— 0.77(0.68, 0.88)
T3 —_— 0.67(0.61,0.72) _— 0.65 (0.57,0.74)
Model 3
T ref. ref.
T2 — 0.83 (0.76, 0.90) —_— 084 (0.73,0.96)
T3 —_— 0.75 (0.69, 0.82) B — 0.75 (0.65,0.86)
Lifestyle OBS
Model1
TI ref. ref.
T2 —_— 0.87(0.79, 0.96) —————— 091(078,1.05)
T3 —_— 0.6 (0.61,0.72) —_— 0.6 (0.57,0.75)
Model 2
T ref. ref.
T2 e 0.87(0.79, 0.95) ———t—  0.91(0.78, 1.05)
T3 —_— 0.66 (0.60,0.72) —_— 067 (0.59,0.77)
Model 3
T ref. ref.
T2 ——— 0.93(0.84,1.02) ———— 098 (084, 1.14)
T3 [ 0.76 (0.69, 0.83) —_—— 0.78 (0.68, 0.90)
o 1 s 1
Short Duration Long Duration
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Participants extracted
from NHANES
2007-2014(n=59842)

Excluded:

[ Participants missing data on Oxidative Balance Score (OBS)
(n=42248).
v
Ineluded participants
(n=17594)
Excluded:
<—————————— Participants missing data on Sleep time
(n=30).
.
Ineluded participants
(n=17564)
Excluded:
| <@——————— Participants with age <20 years
(n=349).
h 4
Ineluded participants
(n=17215)
Excluded:
: Participants with no information on gender, race, poverty,

education, marital
(n=1376).

Eligible participants for
analysis
(n=15839)






OPS/images/fnut-11-1423424/crossmark.jpg
©

2

i

|





OPS/images/fnut-11-1426790/fnut-11-1426790-g001.gif





OPS/images/fnut-11-1426790/fnut-11-1426790-g002.gif
Vitamin A deficiency lodine deficiency [FProtein-energy melnutrition

FELESSS





OPS/images/fnut-11-1426790/fnut-11-1426790-g003.gif





OPS/images/fnut-11-1426790/fnut-11-1426790-g004.gif
Vitamin A deficiency odine deficioncy Protein-snergy malnutrition
cases (thousands) cases (thousands) ‘cases (thousands)





OPS/images/fnut-11-1408717/fnut-11-1408717-t003.jpg
Time point Before transfusion = End of transfusiol 24 h

Cerebral rSO,

Withholding feeding group 55.56 (6.03) 58.68 (2.6) 57.09 (8.52) 56.31(8.31) 56.99 (3.13)
Feeding group 57.36 (3.49) 59.19 (3.52) 57.51 (3.81) 58.99 (3.77) 56.67 (3.69)
P-value 0540 0.830 0.669 0.188 0.937
Intestinal rSO,

Withholding feeding group 50.06 (8.52) 52,07 (7.65) 54.62 (8.16) 51.97 (6.47) 51.09 (6.9)
Feeding group 47.86 (5.42) 52.06 (4.86) 52.21 (7.01) 51.8 (6.67) 50.85 (6.36)
P-value 0.421 0.997 0.398 0.946 0.923
Hepatic rSO,

Withholding feeding group 55.9 (8.79) 57.68 (4.89) 57.29 (4.34) 57.35 (4.46) 56.92 (4.85)
Feeding group 56.56 (6.98) 56.83 (6.69) 57.28 (8.17) 56.46 (4.93) 56.05 (4.45)
P-value 0.825 0.685 0.995 0.604 0.612
Renal rSO;,

Withholding feeding group 53.77 (5.56) 58.06 (5.02) 57.29 (8.44) 57.52(5.68) 58.62 (5.33)
Feeding group 55.97 (5.31) 57.77 (4.12) 56.22 (6.16) 54.38 (4.72) 53.2 (4.84)
P-value 0313 0.874 0723 0.145 0.012
SCOR

Withholding feeding group 0.92 (0.18) 0.89(0.12) 0.98 (0.26) 095 (0.19) 0.91 (0.10)
Feeding group 0.82 (0.10) 0.88 (0.08) 0.94 (0.14) 088 (0.12) 0.90 (0.08)
P-value 0.118 0818 0.563 0295 0.92

NIRS, near-infrared spectroscopy; rSO3, regional oxygen saturation; SCOR, splanchnic cerebral oxygenation ratio SD, standard deviation.
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Withholding
feeding group

NEC, N (%) 0 0

TA-NEC, N (%) 1(3.6) 0 0331
FL N (%) 6(21.4) 2(7.7) 0.156
BPD, N (%) 14(50) 13 (50) 1
ROB N (%) 12 (42.9) 15(57.7) 0.256

BPD, bronchopulmonary dysplasia; FI, feeding intolerance; NEC, necrotizing enterocolitis;
‘TA-NEC, transfusion-associated necrotizing enterocolitis; ROP, retinopathy of prematurity.
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gro 8

Gestation age at birth, weeks (minimum, maximum) 27.52 (24.86, 30.14) 27.13 (25.43, 30.14) 0.479
Male sex, 71 (%) 20(71.4) 13 (50) 0.107
Birth weight, mean (minimum, maximum), g 1,027 (620, 1,450) 1,027 (620, 1,270) 0.256
Vaginal delivery, n (%) 22 (78.6) 18 (69.2) 0434
Corrected gestational age, mean + SD 34.14 £2.57 332043.193 0.364
Postnatal age (minimum, maximum) 48 (14,79) 39.(10,78) 0.57
Weight at the time of the study, mean % SD 1714041 1.55 = 0.40 0.296
Hematocrit level before transfusion, mean = SD 2454 3315 2564 +4.59 0.441
Hemoglobin level before transfusion, mean = SD 81.67 % 10.56 85.93 & 14.77 0.349
PDA, n (%) 11(39.3) 15(57.7) 0.176
Grade I/11 intraventricular hemorrhage, 1 (%) 5(17.1) 3(11.5) 0.209
Feeding type at the time of the study 0.504
Breastfeeding, (%) 8(28.6) 4(15.4)

Milk feeding 1 (%) 3(107) 3(115)

Mixed feeding, n (%) 17 (60.7) 19(73.1)

Oxygen required at the time of the study 0.905
Nasal tube oxygen at the time of the study, 7 (%) 9(32.1) 6(23.1)

Non-invasive respiratory support at the time of the study, (%) 14 (50) 15(57.7)

Invasive ventilation at the time of the study, 7 (%) 2(7.1) 207.7)

Caffeine, n (%) 19(67.9) 17 (65.4) 0.847
Dexamethasone, 1 (%) 2(7.1) 4(15.4) 0.336
Iron, 1 (%) 9(32.1) 5(19.2) 0.279
Probiotics, n (%) 1(3.6) 0(0) 0311
Serum creatinine, mean (minimum, maximum), mol/L 36 (2.6,81) 35(3.2,64) 0.968
Blood urea nitrogen, mean (minimum, maximum), mmol/L 26(14,149) 47 (2,6.6) 0.248

PDA, patent ductus arteriosus; SD, standard deviation.
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Cerebral rSO, T1-TO

Mean + SD

%)

Withholding feeding group 3.7 £7.09 1.845 0.084
Feeding group 1.61+4.37 1.276 0.228
Intestinal rSO, T1-TO

Withholding feeding group 2014897 0.950 0355
Feeding group 4444697 2381 0.033
Renal rSO, T1-TO

Withholding feeding group 4294342 5.019 0.001
Feeding group —0.42 £8.67 ~0.176 0.863
Hepatic rSO, T1-TO

Withholding feeding group. 178 £824 0915 0373
Feeding group 0.55+5.39 0.379 0711

£50; T1-T0 represents the splanchnic oxygenation value at the end of the blood transfusion

minus that before the transfusion.

SO, regional oxygen saturation; SD, standard deviation; T0, timepoint before transfusion;

T1, timepoint after transfusion.
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CD4/CD8

ratio

CD4 coun
Calcium 0.222(0.020)
Phosphorus. =0.135 (0.158)
Magnesium 0361 (<0.001)
Zine 0,533 (<0.001)

“Correlation coefficient (p-value).

0.238(0.012)
—0.095 (0.323)
0.460 (<0.001)
0,594 (<0.001)
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Controls

Cases

Age
CD4 count
CDS count
CD4/CDS ratio
Calcium
Phosphorus
Magnesium
Zine
Education

status

Occupational
status

Dietary
history

Educated
Uneducated
Employed
Unemployed
Vegetarian

Non-

vegetarian

42(763)
13.(237)
71212

965142949

566642127

1806
93218
46219
1505
5724196
51(925)
4(75)
52(95)
3(5)
3(5)

52(95)

‘Independent samples £-test. “Chi-squared test.

42(763)
13.(237)
3712119
2507£195.1
837.94680.1
03202
79223
32212
1605
2812168
1(1.9)
54(98.1)
1(19)
54(98.1)
7(125)

48 (87.5)

0994

<0001

0.006

<0001

<0001

<0001

<0001

<0001

<0.001%

<0.001%

0321%
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exposure nsnp method pval OR(95% Cl)
Vitamin B 17 MR Egger 0.281 »—‘—0—’ 1.517(0.73110 3.148)
17 Weighted median 0.040 —— 1,592 (1.021 to 2.482)
17 Inverse variance weighted 0.028 e 1.427 (1,039 to 1.959)
17 Simple mode 0123 »—0— 1.830 (0.885 10 3.784)
17 Weighted mode 0.119 —— 1.717(0.903 to 3.263)
0051152253
exposure pval OR(95% CI)
Copper 0.187 ] 0.967 (0.920 to 1.016)
Zinc 0.406 » 1.032(0.958 to 1.112)
Vitamin B6 ~ 0.029 i——e> 1766 (1.062 t0 2.938)

1 T 1
0051152
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Variable Unadjusted

OR (95%Cl)

P value

Adjusted*

Mets 155 (1.51,1.59)
LowHDL-C 114 (112, 1.16)
High BP 1.21(1.19, 1.24)
High TG 151 (147, 1.54)
High FBS 123(1.20,0.126)
High WC 1.51 (147, 1.54)

<0.001

<0001

<0001

<0.001

<0001

<0001

OR (95%Cl)
155 (151,159)
115 (112, 117)
120(1.18,123)
151(1.47,1.54)
121 (117, 1.24)

2.17(2.08,2.25)

P value
<0.001
<0.001
<0.001
<0.001
<0.001

<0001

“Logistic regression was used to investigate the adjusted and unadjusted association of the Energy-adjusted Dietary Inflammatory Index with the prevalence of Metabolic Syndrome. Adjusted
for age, gender, education, physical activity, socioeconomic status, smoking. MetS, metabolic syndrome; HDL-C, high-density lipoprotein cholesterol; BP, blood pressure; TG, triglyceride; FBS,

fasting blood sugar; WC, waist circumference.
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Variable Unadjusted

P value

Adjusted

OR (95%ClI)

Mets 126(1.20,1.33)
low HDL-C 1.07(1.04,1.10)
High BP 113 (1,08, 1.19)
High TG 1.19(1.13,1.26)
High FBS 112(1.07, 1.18)
High WC 113 (1,09, 1.16)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

OR (95%Cl)
1.29(1.22,1.36)
1.08 (104, 1.11)
1.14 (1,09, 1.20)
1.19(1.13,1.25)
1.12(1.06, 1.18)

117 (1.13,1.21)

P value
<0.001
<0.001
<0.001
<0.001
<0.001

<0001

“Logistic regression was used to investigate the adjusted and unadjusted association of the Energy-adjusted Dietary Inflammatory Index with a 5-year incidence of Metabolic Syndrome.
Adjusted for age, gender, physical activity, and opium. MetS, metabolic syndrome; HDL-C, high-density lipoprotein cholesterol; BY, blood pressure; TG, triglyceride; FBS, fasting blood sugar;

WC, waist circumference.
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Variable Low body mass index (< 25 kg/m?) High body mass index (>25 kg/m?)

OR (95%Cl) P value* OR (95%Cl) P value
Mets 142 (1.27,1.60) <0.001 113 (105,1.21) <0.001
low HDL-C 111 (105, 1.17) <0.001 1.00(0.93,1.02) 0.306
High BP 107 (0,97, 1.19) <0.001 1.09 (101, 1.18) 0.021
High TG 129(117,142) <0.001 1.09 (101, 1.18) 0.026
High FBS 109 (0.9, 1.20) 0.072 1,96 (0.98, 1.14) 0.146
High WC 1.21(112,131) <0.001 1.01(0.96,1.05) 0832

“Logistic regression was used to investigate the adjusted association of the Energy-adjusted Dietary Inflammatory Index with a 5-year incidence of Metabolic Syndrome considering high or
low body mass index. Adjusted for age, gender, physical activity, and opium. MetS, metabolic syndrome; HDL-C, high-density lipoprotein cholesterol; B, blood pressure; TG, triglyceride; FBS,
fasting blood sugar; WC, waist circumference.
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Variable Subgroup Non-MetS MetS (n=2,390) Pvalue

(GEVAL)]

Age (years) 486 (10.0) 47.7(94) 516(93) <0.001
Gender, Male 4,523 (45.1) 3,998 (52.3) 525 (22.0) <0.001
Diabetes 1,232(12.3) 535(7.0) 697 (29.2) <0.001
Hypertension 2010 20.0) 863 (113) 1,147 (48.0) <0.001
Myocardial infarction 169(1.7) 103 (1.3) 66(28) <0.001
Stroke 122(12) 66 (0.9) 56(2.3) <0.001
Education No education 4,595 (45.8) 3,178 (41.6) 1417 (59.3) <0.001

Primary school 3,270 (32.6) 2,576 (33.7) 694 (29.0)

Secondary school 1935(19.3) 1,683 (22.0) 252(10.5)

University 230(23) 203 (27) 27(11)
Occupied 4,977 (49.6) 3,305 (43.3) 1,672 (70.0) <0.001
Physical activity (METs) 41.5(11.3) 42.4(120) 386(8.3) <0.001
Socioeconomic status
(Assertindex) =0.001 (2.118) 0.036 (2.16) —=0.121 (1.98) <0.001
Smoking 1926 (19.2) 1746 (229) 180(75) <0.001
Opium 2094 (20.9) 1888 (24.7) 206 (8.6) <0.001
Alcohol 204 (2.0) 184 (2.4) 20(0.8) <0.001
Body mass index (Kg/m?) 257 (4.8) 247 (45) 289 (4.4) <0.001
Waist circumference (cm) 93.1(11.8) 90.4 (11.0) 102(9.8) <0.001
Wrist circumference (cm) 167 (13) 16.6(13) 17.1(14) <0.001
Hip circumference (cm) 99.6 (8.8) 98.2(8.4) 104 (8.6) <0.001
TG (mg/dl) 132.0 (82.6) 114 (62.0) 190 (109) <0.001
HDL-C (mg/dl) 510(159) 527(163) 455(13.0) <0.001
Fasting blood sugar (mg/dl) 926 (29.5) 873(18.5) 110 (45.6) <0.001
Diastolic blood pressure
() 747 (120) 729(112) 803(123) <0.001
Systolic blood pressure
(mmHg) 111 (18.4) 108 (16.9) 121 (19) <0.001
E-DII ~0.28(2.07) ~0.68 (1.97) 1.01 (1.86) <0.001

The quantitaive and qualitative variables were compared using the independent T-test and the chi-square tsts. MetS, Metabolic syndrome; MET, Metaoblic Equivalent of Task; TG,
Trigeliceride; HDL-C, High-Density Lipoprotein cholesterol; E-DII, Energy-adjusted dietary inflammatory index. (N, % or Mean, Standard Deviation).
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Vitamin A deficiency lodine deficie

Both
Incident cases (1990) No.x 10*[95% UI] 877,376.3 4,466.9 111,389.2
(840,347-914,976.5) (3,658.2-5,407.2) (91,268.4-136,380.2)
ASR per 100,000 (1990) No.[95% UT] 17,3232 152.1 1,896.6
(16,526.5-18,138.9) (125-183.9) (1,563.7-2,293.1)
Incident cases (2019) No.x 10*[95% UI] 489,662.7 5,130.5 154,086
(469,006.4-512,234.3) (4,124-6,327.5) (128,445.2-183,279)
ASR per 100,000 (2019) No.[95% UI] 6,955.6 139.8 2,099.4
(6,645.9-7,294.2) (112.5-171.8) (1,752.8-2,487.4)
EAPC (1990-2019) No.[95% CI] =311 -023 -0.03
(-3.25t0 -2.98) (-0.33 to ~0.13) (-0.19t0 0.13)
Female
Incident cases (1990) No.x 10*[95% UI] 336,074.1 7,711.7 59,764
(322,087-351,326.5) (6,265.2-9,349.8) (49,351.5-72,376.6)
ASR per 100,000 (1990) No.[95% UI] 13,456.5 129.1 2,0132
(12,848.5-14,141.4) (105.2-156.7) (1,677.5-2,409.1)
Incident cases (2019) No.x 10#[95% UI] 208,933.1 8,111.5 85,880
(199,953.4-218,963.7) (6,500.1-9,966.1) (71,398.6-102,291.9)
ASR per 100,000 (2019) No.[95% UI] 5999.1 108.3 2,304
(5,719-6,307.3) (86.8-133.3) (1,918.2-2,735.2)
EAPC (1990-2019) No.[95% CI] -2.75 -0.44 0.13
(-2.93 to -2.56) (-0.58 to ~0.31) (-0.01 t0 0.28)
Male
Incident cases (1990) No.x 10*[95% UI] 541,302.2 3,244.8 51,625.2
(509,180.6-576,528.3) (2,620.2-3,932.9) (41,920.1-63,990.1)
ASR per 100,000 (1990) No.[95% UI] 21,0738 106.7 1,781.6
(19,711.5-22,557.3) (86.8-129.4) (1,456.6-2,184.4)
Incident cases (2019) No.x 10[95% UI] 280,729.6 2,981 68,206
(263,694.4-300,226.4) (2,385.9-3,715.7) (56,809.7-80,628.8)
ASR per 100,000 (2019) No.[95% UI] 7,886.2 78.1 1,894.6
(7,367.7-8,489.8) (62.6-97.1) (1,583.6-2,246.7)
EAPC (1990-2019) No.[95% CI] -336 -0.77 -023
(~3.46 to -3.26) (-0.95 to -0.58) (-0.42 to -0.04)

ASR, age standardized rate; CI, confidence interval; EAPC, estimated annual percentage change; UL uncertainty interval.
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Gene name Description Location Expression in T21 Expression in CTRL = T21/CTRL ratio

MTIG Metallothionein 1G 16q13 63.96 4424 1451
MTIH Metallothionein 1H 16q13 83.80 56.96 1471
IKZF3 TKAROS family zinc finger 3 17q12-q21.1 87.95 117.52 0751
SOD1 Superoxide dismutase 1 21q22.11 1761.69 1258.93 1.401
MTIHLI Metallothionein 1H like 1 1g43 114.50 84.87 1351

T21, Trisomy 21; CTRL, control. 1= T21/CTRL ratio > 1.3 |= T21/CTRL ratio < 0.76.
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Expression Expression T21/

Rescription Locauoy in T21 in CTRL CTRL ratio
BCL6 BCL6 transcription repressor 3q27.3 400.17 229.97 1741
IKZF1 IKAROS family zinc finger 1 7pl2.2 3743 58.35 0.64)
IKZF2 IKAROS family zinc finger 2 2934 8249 203.7 040}
IKZF3 IKAROS family zinc finger 3 17q12-q21.1 8.36 11.97 0.70)
KLF10 KLF transcription factor 10 8q22.3 34.56 6.56 s
KLF13 KLF transcription factor 13 15q13.3 360.04 620.15 0581
KLF2 KLF transcription factor 2 19p13.11 306.36 172.02 1.781
MTIA Metallothionein 1A 16q13 416.48 193.39 2.151
MTIB Metallothionein 1B 16q13 258.996 75.97 3411
MTIE Metallothionein 1E 16q13 197.50 74.02 2.671
MTIF Metallothionein 1F 16q13 1831 9.81 1.871
MTIG Metallothionein 1G 16913 166.99 71.47 2341
MTIH Metallothionein 1H 16q13 281.66 132.01 2131
MTIM Metallothionein 1M 16q13 47.72 13.23 3611
MTIX Metallothionein 1X 16q13 228.96 100.91 2271
MT2A Metallothionein 2A 16q13 978.21 330.40 2.961
MTF1 Metal regulatory transcription Factor 1 1p34.3 78.52 53.59 1471
MTE2 Metal response element binding transcription 1p221 1304 60.80 0621
factor 2

PRDM10 PR/SET domain 10 11q24.3 19.59 33.36 0.59)
SLC30A1 Solute carrier family 30 member 1 19323 13.38 7.69 1741
SLC30A2 Solute carrier family 30 member 2 1p36.11 447 191 2.341
SCL30A4 Solute carrier family 30 member 4 15q21.1 537 3.84 1401
SCL30A5 Solute carrier family 30 member 5 5q13.1-q13.2 16.86 30.55 0.55)
SLC30A7 Solute carrier family 30 member 7 1p21.2 9.69 19.53 0504
SLC39A10 Solute carrier family 39 member 10 2q32.3 12.61 22,97 0.55)
SLC39A11 Solute carrier family 39 member 11 17:2254-13- 11.74 18.83 0.62]
SLC39A14 solute carrier family 39 member 14 8p21.3 64.67 2237 2.891
SLC39A2 Solute carrier family 39 member 2 14q11.2 1.82 394 046}
SLC39A5 Solute carrier family 39 member 5 12q13.3 266 1.97 1351
SLC39A7 Solute carrier family 39 member 7 6p21.32 19.66 32.48 0611
SLC39A8 Solute carrier family 39 member 8 4q24 39.64 77.21 051}
SLC39A9 Solute carrier family 39 member 9 14q24.1 557 3.16 1761
SOD1 Superoxide dismutase 1 21q22.11 750.75 488.35 1.541
TF transferrin 3q22.1 38.64 11.10 3.481
ZHX3 Zinc finger and homeboxes 3 20q12 65.84 40.28 1.631

T21, Trisomy 21; CTRL, control. 1= T21/CTRL ratio > 1.3 |= T21/CTRL ratio < 0.76.
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Gene name Expression Expression in CTRL = T21/CTRL ratio

IKZF2 IKAROS family zinc finger 2 2q34 39.25 56.57 0.691
MTIE Metallothionein 1E 16q13 160.14 102.14 1571
MT2A Metallothionein 2A 16q13 816.53 604.32 1351

T21, Trisomy 21; CTRL, control. 1= T21/CTRL ratio > 1.3 |= T21/CTRL ratio < 0.76.
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tot E Y<4 y<9 9<y<14 14 y
n 216 133 83 30 7 59 25 2
Zinc mean 1303 1337 1248 1244 13.49 1294 1220 1327
umol/l
sD 346 334 361 420 361 299 300 353

n, numerosity; SD, standard deviation; TOT, total number of subjects; M, male subjects; F, female subjects; Y<4, subjects younger than 4 years old; 4<Y<9, subjects aged between 4 and 9 years olds;
9<Y<14, subjects aged between 9 and 14 years old; 145Y<18, subjects aged between 14 and 18 years old; Y218, subjects older than 18 years old.
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Records removed before screening:
Reconds identifed from™: Duplicate records removed (n = 30)

i Records marked as ineligible by
Databases (n = 547) automation tools (n = 201)

Records removed for other reasons

(n=21)
Records screened > Records excluded**
(n = 295) (n=268)
Reports sought for retrieval Reports not retrieved
(n=27) > (n=15)

R r eligibility
eports ass(is::g)fo clopily | Reports excluded:

No control groups (n = 2)
Data not quantified (n = 3)
Repeat measurement (n = 1)

Studies included in review
(n=6)

“Consider iffeasible to do s, reporting the number of records identifid from each database or register searched (rather than the total number across al databases/registers).
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools (14).
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2. Anton $. M.
Dofferhoff

3. Margot P.J.

Visser

4. Ankita P

Desai

5. Mark M. G.
Mulder

6. Huda M.

C-19, COVID-19 group; C, Control group.
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commercial kit developed
by IDS and Vitak.

Not explicitly pr

InaKif MGP assay on the
IDS-iSYS system (IDS,
Boldon,

United Kingdom)

Not explicitly provided

Cohort

Cohort

Cohort

Cohort

Cohort

Cohort

2020.03.10-
2020.04.23

20200312~
20200415

2020

2020,04.21-
2020.05.05

2020.03.25-
20210413

2021.10-2022.01

138

135

100

12

88

140

184

109

50

NA

2





OPS/images/fnut-12-1476622/fnut-12-1476622-g006.jpg
s.e. of or

Funnel plot with pseudo 95% confidence limits






OPS/images/fnut-12-1476622/fnut-12-1476622-g005.jpg
Study %
ID SMD (95% Cl) Weight
COVID-19 group vs. Control group
Linneberg A (2020) 15.51(14.19, 16.82) 19.93
Anton S. M. Dofferhoff (2021) —&> 27.10(24.98,29.22) 19.41
Margot P.J. Visser (2022) - -0.60 (-1.11,-0.09)  20.21
Ankita P. Desai (2021) * 2.20 (1.78, 2.62) 2023
Huda M. (2023) L4 1.57 (1.10, 2.04) 20.22
Subtotal (I-squared = 99.6%, p = 0.000) <> 899 (4.45,1353)  100.00
Severe group vs. Mild group
Linneberg A (2020) - 6.18 (5.37, 7.00) 25.04
Anton S. M. Dofferhoff (2021) - 9.13(7.98,10.28)  24.74
Margot P.J. Visser (2022) - 0.26(-067,1.19)  24.94
Mark M. G. Mulder (2023) - 1.09 (0.69, 1.49) 25.28
Subtotal (I-squared = 98.9%, p = 0.000) <> 415(0.49,7.80)  100.00
Non-survivor group vs. Survivor group
Linneberg A (2020) B 6.18 (5.37, 7.00) 49.74
Mark M. G. Mulder (2023) K 1.09 (0.69, 1.49) 50.26
Subtotal (I-squared = 99.2%, p = 0.000) <<> 3.62(-1.37,8.62) 100.00
NOTE: Weights are from random effects analysis
T T
-29.2 0 29.2
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Study %

D RR (95% Cl) Weight
Hypertension
Linneberg A (2020) —_— 163 (1.17,2.26) 53.95
Anton S. M. Dofferhoff (2021) . B 0.94 (0.60, 1.47) 46.05
Subtotal (-squared = 74.3%, p = 0.049) —T 1.26 (0.73,2.19)  100.00
Diabetes
Linneberg A (2020) —_— 1.23(0.73,2.06) 59.64
Anton S. M. Dofferhoff (2021) —_— 1.25(0.67,2.35) 40.36
Subtotal (-squared = 0.0%, p = 0.965) e 1.24(0.83,1.85) 100.00
CcVD
Linneberg A (2020) —_— 1.41(1.06,1.87) 79.10
Anton S. M. Dofferhoff (2021) ——— 1.32(0.76,2.29) 20.90
Subtotal (-squared = 0.0%, p = 0.831) <> 1.39(1.08,1.79) 100.00
Astma/COPD
Linneberg A (2020) _— 1.43(0.73,2.79) 35.21
Anton S. M. Dofferhoff (2021) - 1.15(0.57,2.34) 33.73
Mark M. G. Mulder (2023) ——— 0.46 (0.21,1.00) 31.07
Subtotal (-squared = 61.0%, p = 0.077) —~— 0.93(0.48, 1.81)  100.00
NOTE: Weights are from random effects analysis

T T

.209

4.79
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Study

Linneberg A (2020)

Ankita P. Desai (2021)

Mark M. G. Mulder (2023)

Overall (I-squared = 98.8%, p = 0.000)

<

NOTE: Weights are from random effects analysis

SMD (95% Cl)

0.06 (-0.18, 0.30)

———— 249(2.05,2.93)

-1.47 (1,89, -1.05)

> 0.36 (-1.53, 2.24)

Weight

3361

33.47

3323

100.00

T
293

293
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Study

Gender (COVID-19 group vs. Control group)

Linneberg A (2020) _

Anton S. M. Dofferhoff (2021)

Ankita P. Desai (2021)
Huda M. (2023) _
Subtotal (I-squared = 73.1%, p = 0.011) <

Gender (Severe group vs. Mild group)

Linneberg A (2020)
Anton S. M. Dofferhoff (2021)

Mark M. G. Mulder (2023)

Subtotal (I-squared = 20.0%, p = 0.286)

NOTE: Weights are from random effects analysis

RR (95% C)

0.97 (0.74, 1.26)

—————— 149(1.23,181)

1.06 (0.75, 1.50)
088 (0.63, 1.23)
1.10 (0.84, 1.43)

1.06(0.70, 1.58)
1.28 (1,02, 1.60)
1.01(0.83, 1.23)

1.11(0.95, 1.31)

%

Weight

25.81
2952
21.96
2271

100.00

14.16
3934
46.50

100.00

553
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Study

Age (COVID-19 group vs. Control group)
1.Linneberg A (2020)

2 Anton S. M. Dofferhoff (2021)
4.Ankita P. Desai (2021)

6.Huda M.. (2023)

Subtotal (I-squared = 84.6%, p = 0.000)

Age (Severe group vs. Mild group)
1.Linneberg A (2020)

2 Anton S. M. Dofferhoff (2021)

5.Mark M. G. Mulder (2023)

Subtotal (I-squared = 91.1%, p = 0.000)

NOTE: Weights are from random effects analysis

SMD (95% Cl)

025 (0.01,0.49)
0.76 (0.53, 0.99)
0.73(0.38, 1.07)
-0.14 (-0.57,0.28)

0.42(0.04,0.79)

0.81(0.44,1.19)
068 (033, 1.03)

——%—> 2.00(1.54, 2.46)

1.15 (0.40, 1.91)

%

Weight

27.03
27.18
23.99
21.80

100.00

3366
34.01
3233

100.00

246
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Study De N rpose Investigations/Method Result Comments
Hamza cc 120 | The relationship Serum 25(OH)D test by ELISA; 73.30% of patients with SLE had A correlation has been
RT. between low 25 Calcium, phosphorus, parathyroid hormone alow level of vitamin D3 (13%  identified between low
etal. (6) (OH)D levels and and ALP dosage; deficiency, 60% insufficiency). vitamin D3 levels in SLE

SLE activity Estimation of ANA and anti- The level of 25(OH)D was not patients and increased
dsDNA antibodies; correlated with age and duration  disease activity
of the disease. or photosensitivity.
Robinson  CC 58 Determining the 25(OH)D dosing; The positive correlation between  Children with severe
AB. correlation urinary vitamin D3 binding protein/creatinine the deficiency of vitamin D3 in vitamin D3 deficiency
etal. (14) between 25(OH)D  ratio; SLE and the present proteinuria | had kidney disease, thus
level and disease estimation of urinary protein/creatinine ratio; | was highlighted. not being able to
activity/ albuminuria dosage; calculate the odds ratio
proteinuria of kidney disease - severe
vitamin D3 deficiency.
Rosiles cc 153 | Determination of Dosage of vitamin D3, parathyroid hormone, The concentrations of 25(OH)D  Patients receiving
VH. 25(0OH)D calcium, phosphorus, ALP; were lower (18.9 ng/ml) in the vitamin D3 supplements
et al. (98) concentration in SLE group compared to (23.6 and those in the control
patients with SLE ng/ml) among healthy patients. group who had relatives
10 patients with SLE had with a history of SLE
vitamin D3 levels <12 ng/ml. were excluded from
the study.
AlSaleem Cs 28 25(0OH)D status in  Samples collected included total 25-OH Levels of vitamin D3 was There were no adverse
A, children with vitamin D, bone profile, parathyroid hormone, correlated inversely effects reported among
etal. PSLE and the erythrocyte sedimentation rate (ESR), urine for | with ANA, anti-dsDNA titers, the patients
(102) effects of doubled protein/creatinine ratio and calcium/creatinine and SLEDAI scores. After 3 taking vitamin D3
calcium ratio, complement (C3, C4) levels, anti- months of treatment: 20 patients  during the period
supplementation dsDNA, ANA levels, and bone markers showed improvement in their of observation.
(osteocalcin, B-telopeptide). 25-OH vitamin D levels, 17
Disease activity was assessed by the showed improvement
SLEDAI score. in ANA, anti-dsDNA titers and
complement levels as well as
SLEDAI scores and 9/18 with
high protein/creatinine
ratio showed significant
reduction in proteinuria.
Lin TC. CCh 70 | Targeting the Estimation of urinary sediment and Vitamin D3 deficiency was The link between active
etal. correlation proteinuria; significantly higher in the active  lupus nephritis and a
(107) between SLE Dosage of vitamin D3 level; period, compared to the inactive = more severe
activity and 25 blood count, creatinine, complement period of the pathology. hypovitaminosis D
(OH)D level fractions, autoantibodies; was reiterated.
LimaGL. R 40 Evaluation of the Administration of cholecalciferol 50,000 TU/ Considerable improvement of Tolerance and adherence
etal. intake brought by week or placebo, for 24 weeks. SLEDAI and ECLAM in the to therapy were good,
(111 25(0H)D group with vitamin D3 without serious
supplementation compared to placebo, at the end  adverse events.
in patients of the period. In parallel, fatigue
with pSLE was reduced and social
integration improved.
Arshad A.  CC 98 Assessment of Disease activity was also monitored by Vitamin D3 deficiency is an Other studies have
etal. prevalence of 25 complement (C3, C4) levels and anti-dsDNA. extremely common event in SLE  shown that the
(114) (OH)D deficiency patients (2/3 being deficient and  prevalence of the
in Pakistani >1/2 being severely deficient). deficiency varies
patients with SLE There was a strong association depending on a number
and correlation between 25(OH)D deficiency of factors, such as
with and disease activity. environmental,
disease severity geographic and
genetic factors.
Attar SM. | CCh 95 | Studying the General evaluation, disease duration and No correlation was detected Azathioprine, low C3
etal. relationship activity, skin manifestations, history of lupus between vitamin D3 and and C4, and active
(115) between 25(OH)D  nephritis, liver damage, malabsorption, long- SLEDAT score. There was a disease have been
and disease term use of steroids >60 days, steroid-sparing  negative correlation between associated with 25(0H)
activity in patients  agents, anticonvulsants, anti-dsDNA serum vitamin D3 and anti-dsDNA, D deficiency.
with SLE levels, complement and vitamin D3. doubled by a positive correlation
with C4.
FibliaF. R 60 | Impact of The patients were divided into two groups, Increased 25(OH)D levels and No significant
etal. cholecalciferol study and placebo. Cholecalciferol 5000 IU/day | improved disease activity improvement in the
(116) supplementation was administered for 12 weeks. The severity of | were observed. quality of life of SLE
on disease activity the disease was evaluated using the MEX- patients was obtained
SLEDAI score.
Zheng R. M 490  Efficacy of 25(OH)  Five randomized controlled trials Vitamin D supplementation is Inconveniently, this does
etal. D were included. effective in increasing serum 25 not appear to have
(117) supplementation (OH)D levels, can improve significant effects in
in patients with fatigue, and is well tolerated in decreasing anti-dsDNA
systemic patients with SLE positivity and
lupus disease activity
erythematosus

CC, case-control; CCh, case-cohort; Cs, cross-sectional; R, randomized; M, Meta-analysis; N, number; SLEDAL, Systemic lupus erythematosus discase activity index; ECLAM, European Lupus
Activity Measurement Consensus; ELISA, enzyme-linked immunosorbent assay; ALP, alkaline phosphatase; anti-dsDNA, anti-double-stranded deoxyribonucleic acid; ANA,
antinuclear antibody.
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Dangers of hypovitaminosis D

Causes:
- low exposure o the sun (aggravatingfactor of

SLe);
- affecting metabolisminkidney diseases;
- genetic polymorphisms.

Functions: intracellular signaling, modulates the
1a-hydroxylase activating enzyme and VDR
receptors.

inhibiting the proliferation of activated 8
cells, decreasing memory 8 cells and
immunoglobulin and promoting regulatory
T cells.

Precautions: there may be
hypovitaminosis D3 (systemic/
atrogenic)= toxicity.

Exposure to UV radiation

The distinction of how UV radiation
influences SLE depending on the
wavelength.

Pediatric

Whichis harmful snd which is
Systemic Lupus

Erythematos

therapeutic?

Microbiota and nutritional balance

Foods rich invitamin D3 and the interaction of microelements with absorption
of vitamin D3 andthe degree of SLE activiy.

Dose of supplements.

Ability(rate] to convert supplements.

Vitamin D3 modulates the integrity of the intestinal barrier, the bacteria
translocation capacity and the microbial balance





OPS/images/fimmu.2024.1373904/fimmu-15-1373904-g002.jpg
.l l l IL-12, 1L-23, Th1, Th17
pro-vitamin D ‘

‘ ‘ = vitamin D |L 10, Th2, T reg

pre-vitamin D

vitamin D 4
. blndmg protein
bindin; rotem

g P! ‘-3\ v

/O& dendritic cell 5

%

25 (OH)D ?
\Il ,
\\\.//

1 25 (OH)ZD lfl’l
oy

N I permeability
“‘— dysbiosis e Com—— §

translocation systemic lupus





OPS/images/fimmu.2024.1373904/table1.jpg
Type Parameters

Clinical

Biology

Severity
score

(SDI)

* general symptoms - fever, lymphadenopathy, weight loss

* malar rash - “butterfly”, erythematous, non-pruritic, which heals
without scarring

* rarely discoid rash

* photosensitivity

* alopecia

* Raynaud’s phenomenon

* livedo reticularis

* vasculitis/petechiae/purpura

* oral/nasal/digital ulcers

* non-erosive and non-deforming arthritis, arthralgias, avascular
necrosis, bone fragility

* serosity

* neurological damage - convulsions/psychosis, after elimination of
other causes, aseptic meningitis, neuropathies, mood disorders,
headaches, cognitive dysfunctions

v Kidney damage - proteinuria >0.5 g/day or cellular casts
- lupus nephritis - divided into 5 classes (assessment requires
biopsy)
v Hematological impairment — mild leukopenia: 3,000 — 4,000/mm3
- lymphopenia: <1500 cells/mm3
— anemia
- mild/profound thrombocytopenia <150,000 - 10,000
- antiphospholipid antibodies
v Immunological disorders - ANA - high sensitivity
- anti-dsDNA - high specificity
- anti-Ro (anti-SSA) and anti-La (anti-SSB) antibodies
— anti-SM, anti-RNP, ENA
- hypocomplementemia (C3,C4)
+ discordant ESR - CRP

— Tt reflects the activity of the disease by measuring the systemic
damage (ocular, neurological, renal, pulmonary, cardiovascular,
gastrointestinal, musculoskeletal, cutaneous, metabolic, oncological
and peripheral vascularization), gonadal insufficiency, growth
restriction or delay in the appearance of the characters secondary sex
— It can be influenced by steroids, immunosuppressive therapy or
biological agents

— It is recommended to be evaluated annually

ANA, antinuclear antibodies; anti-dsDNA, anti-double-stranded DNA antibodies; anti-SM,
anti-Smith antibodies; anti-RNP, anti-ribonuclear proteins; ENA, extractable nuclear
antigens; anti SSA, Sjogren syndrome A antigen; anti SSB, Sjogren syndrome B antigen;
ESR, erythrocyte sedimentation rate; CRP, C reactive protein; SDI, Systemic Lupus

International Collaborating Clinics/ American College of Rheumatology Damage Index score.
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Descripti Serving size Zn per size (

Egg, yolk, dried loz 202

Seeds, pumpkin seeds (pepitas), raw 100g 634 634
Nuts, pine nuts, raw 100g 571 571
Beef, flank, steak, boneless, choice, raw 100g 556 556
Egg, whole, dried sg 025 502
Flaxseed, ground 100g 474 474
Cheese, parmesan, grated, refrigerated 100g 462 462
Flour, soy, defatted 100g 444 444
Lentils, dry 100g 386 386

Beans, dry, medium red (0% moisture) 100g 382 382





