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Editorial on the Research Topic

Immunonutrition: bridging precision nutrition and modern medicine

Inflammation imposes substantial metabolic demands and depletes critical nutrient

reserves, often impairing immune function. While adequate nutrition is foundational to

immune homeostasis, the targeted use of supraphysiological doses of immunomodulatory

nutrients to redirect immune responses toward tolerance or resolution of inflammation

remains an evolving frontier. Immunonutrition, a key domain within precision nutrition,

encompasses bioactive compounds—nutrients and non-nutrients—such as amino acids,

fatty acids, nucleotides, vitamins, minerals, polyphenols, glucans, and an expanding

repertoire of pre-, pro-, sym-, and post-biotics. Its clinical applications span early-life

immune development, cancer and infection management, modulation of autoimmunity

and allergies, and attenuation of immunosenescence and inflamm-aging in chronic

diseases. Despite the advances propelled by multi-omics research, critical gaps remain in

mechanistic understanding, immune–nutrient interactions, synergy of bioactives within

the food, biomarker identification, and the safety profile of immunonutrients, including

nutrient–drug interactions. The nine contributions to this Research Topic advance

immunonutrition across domains ranging from epidemiology and theoretical modeling

to clinical intervention, illustrating the field’s maturation and translational promise.

Four epidemiological studies based on NHANES datasets explore the predictive

utility of composite nutritional–inflammatory indices. Ma et al. demonstrated that

a higher Magnesium Depletion Score (MDS) independently predicted increased

incidence and mortality from osteoarthritis, including cardiovascular mortality. These

findings underscore magnesium as a modifiable immunonutrient in inflammation-driven

degenerative disease. In patients with COPD, Yao et al. found a non-linear association

between the Advanced Lung Cancer Inflammation Index (ALI) and mortality, with

protective effects up to a threshold (∼88–90), beyond which benefits declined. This
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U-shaped relationship highlights the nuanced role of nutritional

and inflammatory balance in chronic respiratory disease outcomes.

Xiao et al. introduced the Dietary Index for Gut Microbiota

(DI-GM) and found it inversely associated with chronic kidney

disease. Higher scores, driven by intake of fiber, whole grains, and

coffee, were particularly protective in women, emphasizing the

importance of sex-specific immunonutrition and the gut–immune–

renal axis. Xu et al. evaluated the Dietary Inflammatory Index

(DII) in over 43,000 adults and found that a higher score was

independently associated with increased risk of coronary heart

disease. These effects were mediated by metabolic and lipid-

related pathways including BMI, triglyceride-glucose index, and

HDL levels. Notably, the association was stronger in younger

individuals, women, and those with otherwise low cardiovascular

risk, suggesting that dietary inflammation may disproportionately

affect populations traditionally considered at low-risk. Key

dietary components included carbohydrates, vitamin C, and iron.

Collectively, these studies validate composite dietary indices as both

predictors and potential indicators of immune-mediated disease

risk, while reinforcing the gut–immune–metabolic interface as a

pivotal therapeutic axis.

Mechanistic innovation in immunonutrition is reflected in

contributions that provide both conceptual and experimental tools.

Ramal-Sanchez et al. developed a tri-cellular in vitro intestinal

model incorporating enterocytes, goblet cells, and immune cells

to simulate the human gut epithelium. Using this model, they

evaluated the immunomodulatory effects of broccoli digesta and

observed suppression of inflammatory cytokines (IL-6, TNF-α, IL-

8, IL-18) alongside upregulation of tight junction proteins (ZO-1),

supporting the model’s utility for functional screening of food-

derived immunonutrients. LeGrand et al. proposed the conceptual

framework of “immune stressing,” in which effector immune cells

impose metabolic stress, via glucose deprivation, ROS generation,

and lactate accumulation, on pathogens. This resource-restriction

model reframes nutritional immunity as an active metabolic

strategy that targets the fragility of proliferating pathogens while

sparing host cells. It extends the classic paradigm of micronutrient

withholding and offers new avenues for understanding host–

pathogen dynamics.

Three intervention studies further illustrate the translational

potential and limitations of immunonutrition. Singh et al.

conducted a longitudinal pediatric study to assess the neutropenic

diet in children undergoing chemotherapy. Despite moderate

adherence, the diet did not reduce febrile neutropenia, infections,

or mortality. Socioeconomic status influenced compliance,

and the findings suggest that restrictive dietary practices

may not be necessary in this population. Instead, emphasis

should shift toward food safety and hygiene. Qin et al., using

a murine model of peritonitis, demonstrated that retinoic

acid (RA) enhanced peritoneal macrophage phagocytosis,

promoted recruitment of small peritoneal macrophages,

and upregulated adhesion and migration gene expression.

Encapsulation of RA in ZIF-8 nanoparticles sustained these

effects, highlighting a promising strategy for precision-targeted

immunonutrition, though further validation is needed for

model specificity and delivery system stability. In a 90-day

clinical pilot trial, Perlmutter et al. evaluated a polyphenol-

rich Tartary buckwheat supplement in healthy adults. The

intervention directionally influenced CpG methylation patterns

across biological aging clocks (PCPhenoAge, PCGrimAge,

OmicAge) and correlated with shifts in immune cell composition,

particularly markers of immunosenescence. Pathway analyses

highlighted ceramide kinase and immune regulatory networks,

supporting polyphenols as modulators of epigenetic aging via

immune-related mechanisms.

Several converging insights emerge across these contributions.

Composite indices such as MDS, ALI, DI-GM, and DII show dual

utility as biomarkers for disease risk and as intervention targets.

Mechanistic innovation, through both modeling and conceptual

frameworks, expands our understanding of how nutrients shape

immune responses. Clinical interventions underscore both the

promise of targeted strategies—such as polyphenols and RA

nanoparticles—and the limitations of traditional approaches

like exclusionary diets. Sex and life stage repeatedly emerge

as key modifiers of nutritional immunity, highlighting the

need for personalization. Multi-omics and systems-level analyses

offer powerful tools for biomarker discovery and may help

accelerate clinical translation. Nonetheless, persistent challenges

include the cross-sectional design of most epidemiological

studies, limited sample sizes in clinical trials, and the need

for further refinement and validation of mechanistic models in

human systems.

This Research Topic presents a cohesive body of

work that advances immunonutrition from theory and

mechanism to intervention and epidemiology. Through

the development of nutritional indices, modeling of host–

pathogen metabolic interactions, and testing of food-derived

bioactives, these studies underscore the transformative

potential of immunonutrition in modern medicine. Future

efforts should prioritize longitudinal, multi-omic, and

personalized approaches to fully integrate immunonutrition

into evidence-based clinical practice. The editors thank all

authors and reviewers for their contributions and invite

continued interdisciplinary collaboration to propel the

field forward.
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The impact of a polyphenol-rich 
supplement on epigenetic and 
cellular markers of immune age:  
a pilot clinical study
Austin Perlmutter 1*, Jeffrey S. Bland 1, Arti Chandra 1, 
Sonia S. Malani 1, Ryan Smith 2, Tavis L. Mendez 2 and 
Varun B. Dwaraka 2*
1 Big Bold Health PBC, Bainbridge Island, WA, United States, 2 TruDiagnostic Inc., Lexington, KY, United 
States

Age-related alterations in immune function are believed to increase risk for a host 
of age-related diseases leading to premature death and disability. Programming 
of the immune system by diet, lifestyle, and environmental factors occurs 
across the lifespan and influences both makeup and function of the immune 
system, including immunometabolism. This programming is believed to act in 
large part through epigenetic modification. Among dietary components that 
affect this process, polyphenols may play an outsized role. Polyphenols are a 
widely distributed group of plant nutrients consumed by humans. Certain foods 
possess distinctive and relatively higher levels of these compounds. One such 
food is Tartary buckwheat (fagopyrum tataricum), an ancient seed historically 
prized for its health benefits. It is suggested that the specific composition of 
polyphenols found in foods like Tartary buckwheat may lead to a unique impact 
on immunometabolic physiological pathways that could be  interrogated 
through epigenetic analyses. The objective of this study was to investigate 
the epigenetic effects on peripheral immune cells in healthy individuals of a 
standardized polyphenol concentrate based on naturally occurring nutrients in 
Tartary buckwheat. This pilot clinical trial tested the effects of consuming 90  days 
of this concentrate in 50 healthy male (40%) and female (60%) participants aged 
18–85  years using epigenetic age clocks and deconvolution methods. Analysis 
revealed significant intervention-related changes in multiple epigenetic age 
clocks and immune markers as well as population-wide alterations in gene 
ontology (GO) pathways related to longevity and immunity. This study provides 
previously unidentified insights into the immune, longevity and epigenetic effects 
of consumption of polyphenol-rich plants and generates additional support 
for health interventions built around historically consumed plants like Tartary 
buckwheat while offering compelling opportunities for additional research.

Clinical trial registration: ClinicalTrials.gov, Identifier: NCT05234203.

KEYWORDS

diet and nutrition, epigenetic clocks, aging, immunity, polyphenols, epigenome-wide 
association study, Tartary buckwheat, food-is-medicine
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1 Introduction

In the last century, in high-income countries, national life 
expectancy has steadily risen. Concurrent with a longer lifespan, there 
has been a rapid rise in the prevalence of chronic conditions including 
cardiovascular diseases, diabetes, cancers, chronic respiratory diseases 
(e.g., asthma and chronic obstructive pulmonary disease) (1). These 
represent significant contributors to morbidity and mortality as well 
as unsustainable increases in healthcare costs. Thus, increasing the 
number of healthy years lived (i.e., health span) remains a challenge 
despite the increase in lifespan.

Biological age is described as a local or organismal rate of cellular 
aging and has emerged as a superior predictor risk for disease, 
mortality, and morbidity when compared to chronological age. 
Biological aging is most often measured through evaluation of 
epigenetic markers, most commonly methylation of the cytosine-
guanine (CpG) islands in DNA. Biological aging and epigenetic aging 
are often used interchangeably. Notably, many epigenetic testing 
approaches utilize DNA from peripheral immune cells, which allows 
for simultaneous assessment of immune-related epigenetic markers 
that change with age. Algorithms using epigenetic methylation data 
such as GrimAge (2), PhenoAge (3), and DunedinPace (4) have been 
applied to the determination of biological age of immune cells (5). It 
has been found that a higher biological age of the immune system 
represents a significant risk factor for all-cause mortality and 
reduction in longevity (6–8).

Shifts in immune cell subsets, cytokines, and functions are seen in 
chronic disease states ranging from cardiovascular disease to 
dementia. In addition, research has progressively focused on the role 
of the immune system in the aging process itself. Pharmaceutical and 
non-pharmaceutical approaches have been proposed as potential 
avenues for ameliorating the putative damage from immune aging 
(i.e., immunosenescence). The combined measurement of epigenetic 
aging metrics and immune-specific measurements may, therefore, 
provide considerable insights into one’s risk for disease and disability.

A state of relative immunosenescence (age-related changes in 
immune system makeup and function) may contribute to chronic 
disease via the generation of senescent cells– cells outside the cell 
replicative cycle due to stress or other insults (9). While senescence 
appears to play a key role in tumor suppression, senescent cells can 
nonetheless remain metabolically active and produce and secrete a 
wide range of immunologically active molecules, including 
inflammatory mediators. The development of senescent cells that 
produce inflammatory mediators has been termed the senescence-
associated secretory phenotype (SASP) and is thought to contribute 
to the higher levels of inflammation that are often seen with advancing 
chronological and biological age.

Research on interventions to slow the rate of biological aging, 
including targeting pathways of immunosenescence has primarily 
been conducted in cell and animal models. Several recent studies have 
examined the effect of lifestyle and pharmaceutical interventions on 
biological aging in humans as well. For example, associations between 
nutritional intervention, or diet and lifestyle, with epigenetic aging 
have been reported (10, 11). Food-related molecules have been 
proposed to play an outsized protective role in slowing or potentially 
reversing epigenetic aging. Among the best-studied health-promoting 
dietary nutrients are polyphenols, non-caloric plant-derived 
compounds which have a wide variety of proposed effects in humans. 

Indeed, consumption of a polyphenol-rich beverage was found to 
correlate with epigenetic changes in immune cells of dyslipidemic 
humans in a recent study (12). A recent randomized controlled trial 
(13) additionally demonstrated epigenetic effects linked to 
consumption of a polyphenol-enriched Mediterranean diet proposed 
to have effects on the immune response.

Several lines of research have more explicitly examined slowing or 
reversing immunosenescence. Here again, polyphenols have been 
proposed to play a potential role, and in numerous cell and animal 
studies polyphenols, including quercetin and curcumin, have been 
implicated in the reversal of various markers of immunosenescence 
(14, 15).

Polyphenols are a large family of molecules naturally occurring 
in plants characterized by the presence of multiple phenolic 
hydroxyl groups providing putative antioxidant potential. Diets 
high in polyphenols, especially the Mediterranean diet, have been 
linked to a variety of positive health outcomes. These include lower 
rates of degenerative diseases like atherosclerosis, as well as 
improved metabolic function (16, 17). One of the central 
mechanisms proposed to account for some of these benefits is the 
effect of polyphenols on immune function and, specifically, in 
decreasing excessive inflammation. Additionally, it has been 
postulated that these molecules may exert a positive influence on 
the gut microbiome by acting as prebiotics, which support healthy 
microbial communities (18).

While a wide range of polyphenols have been studied in preclinical 
and clinical trials for their effects on human health, a smaller number 
have been implicated for potential benefit to both epigenetic age and 
immunological health. This group includes the molecules quercetin 
and fisetin. Quercetin occurs naturally in many plants, including red 
onions, capers, teas, and cruciferous vegetables. Fisetin is found in 
fruits such as strawberries, kiwis and apples, vegetables like onions 
and tomatoes, and nuts.

Most research on polyphenols has followed a pharmaceutical-like 
model, focusing on the isolated effects of individual polyphenols on 
specific outcomes. However, it is notable that naturally occurring 
polyphenols are delivered alongside a complex mixture of minerals, 
vitamins, fiber and other non-caloric plant nutrients (phytochemicals). 
It is suggested that the benefits of polyphenols may be synergistic 
when consumed alongside these other plant food components (19, 
20). Therefore, naturally occurring combinations of polyphenols and 
other phytochemicals may be more ideally suited to exert beneficial 
biological effects than the same molecules consumed in isolation.

1.1 Potential mechanism of actions of 
polyphenols in regulating immunity 
through epigenetics

Polyphenols are best understood as antioxidants primarily on the 
merit of in vitro studies and chemical structure. It is a widespread 
belief that the principal health benefit of polyphenol consumption 
stems from this antioxidant ability. While it is now recognized that 
oxidative stress (and subsequent antioxidant neutralization) may 
directly impact epigenetic regulation, including within immune cells, 
additional mechanisms of polyphenol-induced cellular effects are now 
being characterized (21). Polyphenols are poorly absorbed in the 
human GI tract, allowing most dietary polyphenols to reach the large 
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intestine intact, where they are acted upon by the diverse microbes of 
the gut microbiome (21). Here, polyphenols may be  modified by 
microbial metabolism to generate new metabolites and other bioactive 
compounds that may impact epigenetic regulation. For example, 
consumption of polyphenols may induce gut microbes to increase 
production of short-chain fatty acids [e.g., β-hydroxybutyrate (BHB)] 
which are known epigenetic regulators as well as immune modulators. 
Polyphenols are additionally acted on by various phase 
I  biotransformation enzymes present in the GI tract prior to 
absorption, as well as phase II enzymes present in enterocytes and 
hepatocytes (22). Within circulation, polyphenols and metabolites can 
bind to immune cells. Polyphenols may modulate epigenetics by way 
of DNA methylation, histone modification and miRNA expression 
(23). This has been quantified using epigenetic methylation analysis 
of immune cell composition with well-respected machine 
learning algorithms.

1.2 Potential metabolic, longevity, and 
immune pathway effects of polyphenols

Several cellular pathways have been identified as putative drivers 
of the health impacts of polyphenols within the last decade. From a 
metabolic perspective, polyphenols have been proposed to act on 
ceramide production and downstream effects. Ceramides are bioactive 
lipid species within the sphingolipid class involved in cell-signaling, 
and their production is known to be  regulated by nutritional 
intervention (24), including preclinical data suggesting a direct impact 
of polyphenols. Other work suggests an effect of polyphenols on the 
ubiquitin-proteasome system (UPS), a key cell pathway involved in 
protein degradation and metabolic function (25). Polyphenols may 
also exert effects on the Janus kinase-signal transducer and activator 
of transcription (JAK–STAT) pathway (26), with implications for 
immunity, metabolism and longevity (27, 28). In addition, the effect 
of polyphenols on mechanistic target of rapamycin (mTOR) and 
5′-Adenosine monophosphate activated protein kinase (AMPK) 
pathways (29) represents an area of overlap between these 
three domains.

One challenge in determining the relative contribution of 
individual pathways to the health-promoting effects of polyphenols is 
that much of the existing research has focused on the effect of 
polyphenolic intervention in in vitro data looking at specific pathways 
identified a priori, especially antioxidant potential. Thus, a study 
designed to examine a full spectrum of potential pathway effects of 
polyphenol and phytochemical interventions in humans presents a 
unique opportunity to better understand influences of these molecules 
across disparate biological systems.

1.3 Tartary buckwheat

Tartary buckwheat is a buckwheat cultivar used for thousands of 
years for its medicinal and food properties. It is known to contain 
phytochemicals that include the polyphenols rutin, quercetin, luteolin 
and hesperidin, as well as nutrients such as d-chiro-inositol, a cyclic 
polyol clinically studied for its effects on human metabolism (30–32).

Dietary interventions with Tartary buckwheat have been 
independently studied and shown to have positive effects on human 

physiology related to immune function and metabolism (33, 34). The 
sum of this research suggests that consumption of phytonutrients 
found in Tartary buckwheat may positively affect human immune 
function and epigenetic expression, potentially through 
shared pathways.

With specific regard to the polyphenol content of Tartary 
buckwheat, it is notable that the seed contains up to 2.42% flavonoid 
polyphenolic content by weight (35), compared to a significantly lower 
content in wheat 0.84% (36). Tartary buckwheat is also the most 
concentrated food source of rutin, a flavonol glycoside polyphenol 
which demonstrates primarily preclinical efficacy in modulating 
metabolic and immune pathways (37, 38).

The relatively high and unique polyphenol content of Tartary 
buckwheat makes it an ideal candidate for further investigation as a 
health-promoting food, as well as examination of the value of its 
representative nutrient profile. The supplement used in this trial 
contains potentially epigenetically- and immunologically- active 
polyphenols, as well as additional phytochemicals included to better 
mirror the suite of biologically active phytochemicals naturally 
occurring in Tartary buckwheat.

We hypothesize that consumption of a polyphenol concentrate 
based on the makeup of Tartary buckwheat over 90 days will lead to 
significant changes in the epigenetic methylation patterns and 
immune cell phenotypes in healthy adults, as measured by epigenetic 
age clocks and immune markers, potentially contributing to enhanced 
immune function and longevity-related physiological pathways.

2 Materials and methods

2.1 Ethical approval and study design

The Institute of Cellular and Regenerative Medicine Institutional 
Review Board granted approval for all procedures involving humans 
in this study. This study is registered on ClinicalTrials.gov under the 
registration number NCT05234203.

2.2 Participant recruitment and eligibility

50 generally healthy (defined as the absence of exclusion criteria 
below) men and women between the ages of 18 and 85 years (inclusive) 
with body mass index (BMI) <40 kg/m2 were enrolled in the study. 
This age range was selected to capture a diverse range of adult 
participants while avoiding the potential for outlier variability 
introduced at extremes of aging, and to capture the population most 
likely to be taking a nutritional supplement. Participants were required 
to have an established primary care provider and active health 
insurance; be  able to read, write, and speak English fluently; and 
be able to comply with the protocol instructions including performing 
the in-home venous blood draw using a Tasso device. Investors or 
immediate family members possessing investment in Big Bold Health 
were excluded from the study.

Women who were pregnant and/or lactating and individuals on 
jobs requiring night shift work were excluded. Exclusion criteria also 
included history (prior 2 years) or presence of cancer, except for 
non-melanoma skin cancer; known history of blood dyscrasias 
including coagulopathy or use of prescription anticoagulants; 
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diagnosis of a transient ischemic attack (within 6 months); presence 
of clinically significant acute or unstable cardiovascular or 
cerebrovascular disease, psychiatric disorder, alcohol or chemical 
dependence; immune-related conditions (e.g., hepatitis C, HIV, or 
active infection within the previous 4 weeks) or other illness that in 
the opinion of the Clinical Investigator would render a participant 
unsuitable to participate in the study. In addition, those with known 
allergy to any of the components of the test product, those consuming 
known prescription immunomodulating products (e.g., oral 
glucocorticoids, TNF-α inhibitors) or concentrated polyphenolic 
supplements within 1 month the baseline visit. Concentrated 
polyphenolic substances that were specifically excluded prior to, and 
during the study were quercetin, rutin, luteolin, epigallocatechin 
gallate (EGCG), resveratrol, curcumin, fisetin, berberine, soy 
isoflavones (genistein, daidzein, and glycitein), hesperidin, and 
ellagic acid.

2.3 Study objectives

The primary objective of this exploratory clinical trial was to 
evaluate the effect of consuming a polyphenol-rich supplement largely 
based around the phytochemical composition of Tartary buckwheat 
(HTB Rejuvenate) for 90 days on epigenetically-measured immune 
age. The duration of the study period was chosen based on previous 
polyphenol intervention trials (39, 40) and is generally in line with 
duration of diet-based polyphenol interventional research (41, 42). 
Additionally, it was determined that this period would allow for 
multiple rounds of immune cell turnover as the average lifespan of the 
majority of peripherally-measured immune cells falls in this range 
(e.g., the majority of circulating immune cells are neutrophils, with a 
lifespan of less than 5 days, B cell lifespan average is 52 days) (43).

The secondary objective was to assess the effects of HTB 
Rejuvenate on peripheral leukocyte immune profiles after 90 days, as 
well as on GO pathways. Tertiary objectives included capture and 

review of descriptive clinical observations using a General Health 
Questionnaire (GHQ). Safety was also assessed via reports of adverse 
events (AEs).

2.4 Study product

The study product was a polyphenol-rich supplement (HTB 
Rejuvenate) that is commercially available and produced under Good 
Manufacturing Practices (GMP). The HTB Rejuvenate supplement 
delivered 579 mg of polyphenols per serving (2 capsules), which is 
within the studied ranges of polyphenol intake consumed through 
diet (44).

The study product is a concentrated version of naturally occurring 
phytonutrients in Tartary buckwheat that contains rutin, quercetin, 
luteolin, hesperidin as well as d-chiro-inositol (Table  1). 
2-hydroxybenzylamine (2-HOBA) is an antioxidant phytochemical 
also isolated from Tartary buckwheat. Hydroxymethylbutyrate (HMB) 
was also included in the study product as this is a naturally-occurring 
byproduct of leucine metabolism linked to improvement in age-related 
metrics including muscle loss (45). Tartary buckwheat is particularly 
enriched in leucine (46). Test product was consumed at 4 capsules per 
day, taken as 2 capsules twice per day close to 12 h apart. Specifically, 
participants were counseled to consume 2 capsules in the morning 
(between 6 and 10 am) and 2 capsules in the evening (between 6 and 
10 pm) with food.

2.5 Analysis populations

A review of compliance and protocol deviations was conducted 
prior to data analysis, and those participants whose data is included for 
analysis populations is summarized in Appendix 1. Based on the 
completion of the blood sampling for the epigenetic tests, the modified 
intent to treat (ITT) population, which includes all participants who 
completed both baseline and final labs, was composed of n = 47. One 
participant withdrew consent at visit 2, and two participants who did 
not complete the final blood draw were excluded from the ITT 
population because the outcome required both tests for analysis. In 
addition to removal of the two individuals who were excluded from the 
ITT, the per-protocol (PP) population excluded seven other 
participants, including two for use of excluded medications/
supplements, four for low study supplement compliance, and one for 
both inclusion of an excluded medication/supplement and low 
compliance. The final analyzed population therefore included 40 people.

2.6 Demographics

The demographics obtained during screening/baseline clinical 
interviews for the ITT and PP populations are provided in Table 2. 
Participants in the PP population, which was the primary population 
for the laboratory analyses, were 54 y (SD, 11 y) old with BMI of 
24.2 kg/m2 (SD, 3.3 kg/m2). A total of 14 participants had documented 
cases of COVID during the study (See Appendix 1).

TABLE 1  Composition of HTB Rejuvenate.

Component Amount per 
Serving (2 
capsules)

Amount per 
day (4 

capsules)

Himalayan Tartary buckwheat 

(HTB) flour

95 mg 190 mg

D-chiro inositol 

(DCI/D-chiro-inositol)

150 mg 300 mg

2-hydroxybenzylamine (2-

HOBA)

13 mg 26 mg

Hydroxymethylbutyrate 

(HMB)

69 mg 138 mg

Chlorophyllin 7.5 mg 15 mg

Polyphenols* 579 mg 1,158 mg

Vitamin C 20 mg 40 mg

Calcium 30 mg 60 mg

*Polyphenols delivered in one serving (2 capsules) included 330 mg quercetin, 83 mg rutin, 
83 mg hesperidin, and 83 mg luteolin.
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2.7 Study design

This was a virtual, single-arm open-label prospective pilot clinical 
trial comparing epigenetic and immune assays in participants prior to 
and after 90 days of supplementation with the polyphenol-rich HTB 
Rejuvenate supplement. The study included a screening/baseline visit 
(Visit 1, Day −15), communication for starting product (Visit 2, Day 
0), 24-h check-in after product start (Visit 3, Day 1), and three 
follow-up visits (Visit 4, Day 30. Visit 5, Day 60; Visit 6, Day 90). In 
addition, participants were contacted by phone approximately 30 to 90 
d after completing the study and when laboratory results were available. 
Study details are provided in the Study tracking table (Table 3).

Participants were pre-screened using an on-line questionnaire and 
those meeting criteria were provided a detailed study description and 
the electronic Informed Consent. Interested individuals attended a 
TeleVisit (Visit 1, Day −15) with the Clinical Investigator, during which 
it was confirmed that they met all the inclusion and none of the 
exclusion criteria. Eligible participants who voluntarily signed the 
Informed Consent were then provided the baseline GHQ electronically 
and sent the Tasso blood draw device and instructions to obtain an 
in-home blood sample for the baseline epigenetic testing. Participants 
were also sent two bottles of study product (120 capsules/bottle) and 
instructions for starting consumption after baseline data were obtained 
(Visit 2, Day 0), and scheduling the 24-h call (Visit 3, Day 1). Participants 
were instructed not to make substantial changes to diet and lifestyle (e.g., 
dietary and physical activity programs, new supplements) during study 
period unless explicitly recommended by their treating medical provider.

At Visit 3, participants were asked about adverse events (AEs), 
product consumption start date was confirmed, and participants were 
reminded of the study instructions, including not consuming 
polyphenol supplements and maintaining habitual diet and lifestyle 
during the study. Mid-study check-in visits were conducted by phone 
call with the Research Associate at Visit 4 (Day 30) and Visit 5 (Day 
60), during which participants were queried for compliance, AEs, and 
changes to concomitant medications/supplements and habitual diet 
and lifestyle. In addition, participants were sent the GHQ electronically 
and queried on completing the questionnaire. Bottles of study product 
(30 capsules) were sent after Visit 4 and Visit 5.

Prior to the end-of-study visit (Visit 6, Day 90), participants were 
sent the link to the final GHQ as well as a Tasso blood draw kit. At 

Visit 6, participants attended a TeleVisit with the Clinical Investigator 
for the final review, which included study product consumption 
compliance, completion of the final GHQ, AEs, maintenance of 
habitual diet and lifestyle, and any changes to concomitant 
medications and supplements. Confirmation that the final blood was 
obtained before participants discontinued the study product.

2.8 Clinical and anthropometric 
information

Relevant medical history was reviewed by the Clinical Investigator 
prior to signing the Informed Consent. Anthropometric information 
included self-reported height and weight, with the date when the 
participant last weighed themselves documented, and BMI was 
calculated. Participants were questioned on medication and 
supplement use at Visit 1 (Day −15) and asked about changes to 
medication and supplement use, as well as diet and lifestyle at Visits 
4, 5, and 6 (Days 30, 60, and 90).

2.9 General health questionnaire (GHQ)

Participants were asked to complete an electronic GHQ 
(Appendix 2) at baseline and 30-d, 60-d, and 90-d after the start of test 
product consumption which allowed for collection of subjective data. 
The GHQ included questions on general health over the previous 
4 weeks with answers scored on a 5-point balanced Likert scale. The 
Likert scale varied randomly from lowest to highest score for questions 
3, 4, 7, 9, 11, 12, 13, and 15, and from highest to lowest score for 
questions 1, 2, 5, 6, 8, 10, and 14 to decrease order-effects. In addition, 
leading and subjective language were avoided in the question design. 
The individual health categories included: 1: General Health: questions 
1, 2, and 13, score range 3 to 15 points. 2: Gastrointestinal (GI): 
questions 3 and 4, score range 2 to 10 points. 3: Energy & Mood: 
questions 5, 10, 11, 12, 14, and 15, score range 6 to 30 points. 4: Allergy 
& Skin: questions 6, 7, 8, and 9, score range 4 to 20 points.

2.10 Compliance

Participants were provided a paper study log (a basic printable 
tracking document) with the initial product shipment that included 
a tracking form for documenting the consumption of 2 capsules of 
study product in the morning and 2 capsules in the evening every 
day, as well as a section for daily notes for unusual symptoms, illness 
and reasons for missed product consumption. The study log was not 
collected but provided to aid participants in answering queries at the 
relevant visits. Compliance was obtained during Visits 4, 5, and 6 by 
query and documented as % consumed over the previous 4 weeks 
from data on the study logs, as verbally provided by participants.

2.11 Epigenetic age biomarkers

Blood samples were obtained by participants at baseline and after 
90 days of starting the trial using the in-home Tasso device and shipped 

TABLE 2  Characteristics of participants.

Characteristic Units ITT PP

Population Number N 47 40

Age y (±SD) 54 (±11)‡ 54 (±11)§

Sex % Female 60 62.5

Weight (self-report)† kg 70.3 (±15.7)‡ 69.2 (±14.7)§

Height (self-report)† cm 166.7 (±11.1)‡ 166.5 (±11.2)§

BMI kg/m2 24.6 (±3.5) 24.2 (±3.3)

BMI, body mass index; cm, centimeter; ITT, intent-to-treat; kg, kilogram; m, meter; N, 
subject number; PP, per protocol; SD, standard deviation; y, years. *The ITT data excluded 
the two participants who did not complete final lab tests. †Self-reported weight and height 
data were converted to metric units for reporting purposes. ‡The ITT population had no data 
for 3 participants for age, and 11 participants for weight and height. All participants had 
reported BMI data. §The PP population had no data for 3 participants for age, and 7 
participants for weight and height. All participants had reported BMI data.
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to the TruDiagnostic laboratory directly. Overall, we analyzed blood 
samples from 47 adults from an initial sample set of 50 individuals using 
an Illumina EPICv1 epigenetic panel that analyzed DNA methylation at 
850,000 CpG sites prior to and after 90 days of an intervention with a 
polyphenol-rich supplement designed to mimic major bioactive 
nutrients found in the plant Tartary buckwheat. Beta values were 
extracted from IDAT files using the minfi pipeline, and outlier samples 
were identified using the ENmix R package (47, 48). Final analysis 
included data from 40 people who successfully completed the study. All 
analyses were conducted using the R programming environment.

Epigenetic clocks were derived from processed beta values 
including the OMICmAge clock (49), PhenoAge clock (3) and 
GrimAge version 1 (2). To ensure high reproducibility, the 
principal component versions of these clocks were used as 
outlined by Higgins-Chen et al. (50). The clocks were calculated 
using a custom R script available on GitHub. Additionally, 
DunedinPACE was computed using a specific script available on 

GitHub (4).1 Epigenetic assessment was conducted using 
Wilcoxon-rank sum test performed by evaluators blinded to 
participant identifying information. For all epigenetic statistical 
tests, epigenetic measures were converted from raw outputs to 
epigenetic age acceleration (EAA), which is defined as the residual 
calculated between the epigenetic age measurement and 
chronological age. To account for batch effects, the variation 
calculated from the first three principal components of the control 
probes were added as fixed effects to the EAA estimation.

Immune assessments were obtained via deconvolution algorithms 
of the epigenetic data, which quantitatively approximate immune cell 
subsets including CD4+ T cells, CD8+ T cells, granulocytes, natural 

1  https://github.com/danbelsky/DunedinPACE

TABLE 3  Study tracking table.

Screening/
Baseline

Start product 24-h check-
in

Mid-study 
check-in

Mid-study 
check-in

End of 
study

Visit 1 2 3 4 5 6

Day1 −15 0 1 30 60 90

TeleVisit X X

Phone/email visit1 X X X X

Informed consent2 X

Inclusion/exclusion 

criteria3

X

Pregnancy verbal 

screen3

X

Consume test product4 X

Compliance check5 X X X X

General Health 

Questionnaire (GHQ)6

X X X X

TruDiagnostic 

Questionnaire7

X X

Blood collection/

Epigenetics Test8

X X

Adverse events (AEs)9 X X X X

1A window of +14 d was allowed between Visit 1 and 2. An email communication was provided prior to Visit 2 instructing participants to start product within 7-d (Visit 2, Day 0). Visits 3, 4, 5, 
and 7 were conducted by phone call with the Research Associate, and Visits 1 and 6 conducted by TeleVisit with the Clinical Investigator. A window of +24 h was allowed for Visit 3, anchored 
to product start (Visit 2, Day 0). A window of ±5 days was allowed between Visits 4 and 5, anchored to Visit 2 (Day 0). A window of +10 d was allowed for Visit 6, anchored to Visit 2 (Day 0).
2HIPAA, Health Insurance Portability and Accountability Act authorization for disclosure of protected health information and Informed Consents. Signed documents authorize the use and 
disclosure of the subject’s Protected Health Information by the Investigator and by those persons who need that information for the purposes of the study.
3Inclusion Exclusion Criteria were reviewed at study initiation for eligibility, and at end of study for possible changes and deviations from the study. Inclusion/exclusion review included verbal 
assessment for pregnancy for all women age < 60 y.
4Eligible participants were shipped study products after confirmation of eligibility and agreement to participate (Visit 1). Study product was labeled “FOR RESEARCH USE ONLY” and 
participants were sent an email when confirmation of shipping was obtained. Participants were instructed to begin product consumption within 7 d and schedule the 24-h follow-up call. The 
first day of product consumption was documented and defined as study Day 0.
5Participants were verbally queried about compliance at Visits 4, 5, and 6. Participants were provided a paper Study Log to allow for self-monitoring of daily product consumption and 
documentation of clinical experiences and AEs as an aid.
6The General Health Questionnaire (GHQ) was sent to participants electronically via the clinical database module prior to Visit 1 (Day −15), Visit 4 (Day 30), Visit 5 (Day 60), and Visit 6 (Day 
90), and follow-up queries on completion were made at the subsequent study visits.
7The TruDiagnostic intake questionnaire, which contains questions on health history, diet and lifestyle, was provided at baseline (Visit 1, Day 0), and a follow-up brief questionnaire was 
obtained at the final blood sampling, Visit 6, Day 90.
8Epigenetics testing was conducted at baseline (Visit 1, Day 0) and end of product consumption (Visit 6, Day 90). Blood was obtained in the home by participants using the Tasso device and 
sent to the TruDiagnostic laboratory, where it was analyzed by epigenetic testing.
9AEs were obtained by open-ended questioning at Visit 3 (24 h),Visit 4 (30 d), Visit 5 (60 d) and Visit 6 (90 d) and assessed for severity and relationship to product by the Clinical Investigator. 
The study log included questions for participants to provide daily observations and aid in response to the questions at the subsequent visits.
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killer cells, monocytes, eosinophils, and neutrophils using the Epidish 
package (51).

2.12 Differential methylation analysis

Differential methylation analysis was carried out utilizing 
processed beta values. The Limma package was employed for three 
distinct comparisons, identifying differentially methylated loci 
(DMLs) within the individuals during the trial from baseline to the 
final timepoint collection (day 90). Multivariate linear models 
incorporated fixed effects including beadchip, five immune cell 
percentages (CD4T naive, CD4T memory, CD8T naive, CD8T 
memory, B naive, B memory, eosinophils, T regulatory, natural killer 
(NK), and neutrophils (Neu)), the third and fourth three principal 
components of technical probes, and the Study ID for the individual. 
Q-Q plots and lambda values were utilized to assess p-value inflation 
or deflation across the methylome (52); the final lambda value of was 
0.96 suggesting the Epigenome-Wide Analysis (EWAS) model did 
not show inflation or deflation. DMLs were identified with an 
unadjusted p-value significance threshold of <0.001. Functional 
annotation of DMLs was conducted using the GREAT pipeline to 
identify significant gene ontology terms, as implemented in the 
rGREAT R package (53).

2.13 Safety assessments

Participants were asked about AEs by open-ended questions at 
Visit 3 (24-h), Visit 4 (Day 30), Visit 5 (Day 60), and Visit 6 (Day 90). 
The Clinical Investigator reviewed the reports, obtaining follow-up 
information from participants as needed, and categorized by severity 
and relationship to study products based upon FDA criteria (detailed 
in the Study Protocol).

2.14 Statistics

As this was a pilot study, sample size was estimated based on 
previous analyses with epigenetic studies to require a minimum of 
n = 30. A total of 50 participants were enrolled to account for attrition 
and non-compliance. Populations for statistical analysis were 
predefined based on inclusion and exclusion criteria (see below). For 
epigenetic analysis, we used DNA methylation to compare baseline 
measures against final measures across the entire study population for 
OMICmAge PhenoAge, GrimAge and DunedinPACE groups. 
Subgroup and sensitivity analyses were also performed for each of 
these subpopulations using +1 and − 1 standard deviations from the 
mean and within/inclusive of 1 standard deviation of the mean and 
those testing positive to COVID-19 during the study, as accelerated 
epigenetic aging in the context of COVID-19 has been documented 
(54). Demographics and analysis of the General Health Questionnaire 
(GHQ) were conducted in Excel (Microsoft, version 2211) and 
presented as descriptive statistics. In all epigenetic analyses, the 
statistical significance was established using a p < 0.05 threshold.

3 Results

3.1 Participant disposition

Fifty-seven individuals were screened on-line and scheduled for 
an initial visit to assess eligibility. Of these, n = 50 individuals attended 
the on-line screening visit and met eligibility criteria, and n = 7 did not 
meet eligibility criteria, as follows:

	•	 Involved in another trial, n = 2
	•	 Lactating, n = 1
	•	 On excluded high dose polyphenolic supplements, n = 1
	•	 BMI outside accepted range (<40 kg/m2), n = 1
	•	 Did not show up for screening, n = 1
	•	 Did not want name associated with the DNA results in the 

database n = 1

Of the n = 50 enrolled in the study, 47 completed labwork. One 
participant withdrew consent at Visit 2. In addition, final lab analyses 
were not obtained from two participants (n = 2) and these were 
considered early terminations (ET) at Visit 6 for purposes of analyses. 
The participant disposition is summarized in Figure 1.

3.2 Epigenome-wide analysis identifies 
CpGs related with intake of Tartary 
buckwheat extract

To investigate the overall epigenetic impact of the standardized 
polyphenol concentrate upon the cohort, we conducted an epigenome-
wide analysis (EWAS) analysis to identify CpGs which showed 
significant differential methylation between the two visits. To ensure 
that the EWAS model was not overfit and thus limit false positives, 
we first tested for inflation by identifying variables which accounted 
for overfitting. To this end, we estimated the coefficient of overfitting 
(lambda) at 0.96, which indicated that the EWAS model selected did 
not show significant overfitting within the data (Supplementary File 2). 
From the indicated model, we identified 887 Differentially Methylated 
Loci (DMLs) across the EPIC/850 K data (unadjusted p-value <0.001). 
Among these, 336 CpG sites were hypermethylated at the conclusion 
of the study (Visit 6), while 551 loci were hypomethylated. The full list 
of these CpGs is listed in Supplementary File 2. The results of the 
analysis are further represented in the following Manhattan (Figure 2) 
and Volcano plots (Figure 3) to allow for visual representation of data. 
The Manhattan plot is used to identify chromosomal locations of the 
DMLs and to observe whether DMLs were spatially distributed in 
clusters or across the genome, whereas the Volcano plot allows for 
visualization of direction of methylation change (e.g., hyper- vs. 
hypo-methylation).

3.3 Gene ontology pathways

To link the methylation results to biological processes, enrichment 
analyses using the GREAT software were conducted on CpGs based 
on the direction of methylation and used to identify gene ontology 
(GO) pathways. Hypermethylated CpGs at the conclusion of the study 
were significantly associated with a total of 15 GO-BP (Biological 
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processes) terms, 4 GO-MF (molecular function), and 3 GO-CC 
(Cellular component) (Supplementary File 3) terms. The top 15 terms 
for each GO category are shown in Figure 4, which included a diverse 
group of pathways including ceramide kinase activity, COP9 
signalosome activity, labyrinthine layer morphogenesis, and 
neurofilament activity.

A similar analysis was performed on the hypomethylated DMLs 
identified in the analysis, which revealed greater significant GO 
terms compared to the hypermethylated DMLs 
(Supplementary File 3). Among the hypomethylated DMLs, 124 
GO-BP terms, 6 GO-MF terms, and 4 GO-CC terms. The top 15 for 
each category are reported in Figure 5 which includes the activation 
of processes that regulate photoreceptor cell differentiation and 
ventral spinal cord interneuron specification. In addition, we also 

observed higher enrichment of processes associated with 
Notch binding.

3.4 Comparison to published dietary DML 
data

To better interrogate whether the above results might represent 
changes seen in more comprehensive dietary intervention, and 
whether the study supplement mimicked the effects of a plant-based 
diet, we compared our data to the results from (73), which examined 
DMLs across a vegan intervention and omnivore (control) 
intervention using a Venn diagram of DMLs across the three groups 
(Figure 6).

FIGURE 1

Participant disposition chart.
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The one CpG shared among the current analysis with the 
Omnivore analysis is cg05093714 (Gene ID: LINC01095) which is 
significantly higher in the vegan cohort compared to the omnivore 
cohort at 8 weeks. However, all other CpGs are specific to the Tartary 
buckwheat cohort identified here. No overlap is observed between the 
Vegan or Omnivore diet, suggesting different pathways are involved.

3.5 Study supplement use impacts changes 
in epigenetic age

To determine the response to the study supplement on biological 
age, we quantified and performed analysis on a host of biological age 
metrics using DNA methylation. Aging clocks used included the 
second generation multi-omic informed OMICmAge, the third 
generation DunedinPACE (PACE) and principal component (PC) 
based second generation PhenoAge and GrimAge clocks. 
We additionally utilized epigenetic age acceleration (EAA), a marker 
of the difference between expected rate of aging based on chronological 
and biological aging. Remarkable findings included: 1. A slowing of 
epigenetic age acceleration in people with a PCPhenoAge 1SD Higher 
than the mean (p = 0.031) 2. An increase in epigenetic age acceleration 
in people with a PCGrimAge 1SD Lower than the mean (p = 0.031) 3. 
An increase in epigenetic age acceleration in people with a 
OMICmAge 1SD lower than the mean (p = 0.031). Note that similar p 
values are a result of a wilcoxon-rank sum test which utilizes a rank-
based estimate used against smaller n values. We stratified sample 
groups by subsets one standard deviation higher than the mean, one 
standard deviation lower than the mean, and within/including one 
standard deviation (−1 to +1) of the mean to better understand the 
degree to which starting epigenetic state impacts outcome, and as 
epigenetic changes seen in the context of dietary modification are 
typically more subtle. The full results of this analysis are represented 
in Table 4.

It is important to note the heterogeneity of individual results 
measured using age-related algorithms across the 90-day study period. 

An individual’s epigenetic response to environmental factors and 
interventions may be significantly influenced by their pre-existing 
epigenetic status as well as a host of other factors known to impact 
epigenetic expression (e.g., gut microbiome composition, immune cell 
makeup, baseline exercise and dietary regimen). To this end, we’d 
expect diversity in epigenetic age-related outcomes across participants. 
This can be  visualized in Figure  7 using data on the 40 study 
participants included in the final analysis. Positive slopes represent 
increased epigenetic age acceleration and negative slopes represent 
decreased epigenetic age acceleration across the 90-day study period.

3.6 Deconvoluted immune cell analysis

Alterations in immune cell makeup and function have been 
studied in references to both dietary change and specific nutrient 
augmentation. We used deconvolution methods to determine immune 
cell population changes over the duration of the study period to 
explore the effects of study supplementation on immune cell 
parameters across different biological age algorithms and within 
subsets of study participants. The PhenoAge algorithm has been 
independently validated to correlate with multiple markers of 
immunosenescence which are serologically determined (3). These 
include populations of T cells, B cells and granulocytes. To this end, 
we  chose to apply the deconvolution methods to PCPhenoAge 
subgroupings. These can be reviewed in Table 5.

3.7 Analysis of GHQ results

The GHQ data were reviewed for completeness prior to analysis. 
Results were obtained for all 49 participants for the baseline and 90-d 
questionnaires. However, 10 datapoints were missing from the 30-d 
questionnaires and five datapoints were missing in the 60-d data set. 

FIGURE 2

Manhattan plots for the epigenome-wide association study (EWAS). The above plot depicts genes associated with CpG sites identified in the analysis. 
Each dot on the plot represents a CpG site, with its vertical position corresponding to the negative logarithm (base 10) of the unadjusted p-value for 
DNA methylation association, with a significance threshold set at p  =  0.001. The x-axis shows genomic positions organized by chromosomes, with 
color-coded dots indicating specific chromosomes; different shades of blue are used to demarcate separate chromosomes. The prominently peaked 
dots represent CpG sites that surpass the genome-wide significance threshold, indicating significant associations.
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Given this was the first virtual study with this questionnaire, 
learnings on how easy it was to obtain the data, as well as whether 
participants were consistent in reporting on the questionnaire was of 
use. As shown in Table  6, the time between questionnaires 
ranged widely.

In addition, two participants indicated taking the baseline GHQ 
after the start of supplement which meant the true baselines were not 
available for these individuals. Therefore, their data were removed 
from further analysis of the GHQ. Two participants began 
supplements that could directly affect the data and were also removed. 
Therefore, a total of N = 36 responses were reviewed for the 

GHQ. Summary statistics from these respondents are provided in 
Appendix 3.

The GHQ was provided to participants to gauge for the potential 
presence of changes in subjective health-related symptoms and 
metrics. However, these metrics were largely unchanged when 
analyzing the population across the study period. In general, the 
population began the study in very good health by self-report. 
Overall, few changes were noted in any category, however, the 
population began with middle to high ratings in all areas of health. 
Therefore, changes in health were not likely to be  observed in 
this population.

FIGURE 3

Volcano plot for epigenome-wide association study and enrichment analysis. An epigenome-wide association study and enrichment analysis was 
conducted to compare pre- and post-intervention data (90  days after starting the study supplement). The Volcano plot illustrates differentially 
methylated loci (DMLs) identified in the pre- vs. post-intervention comparison. Each dot represents a CpG site, with its vertical position indicating the 
negative logarithm (base 10) of the unadjusted p-value for DNA methylation association. The x-axis shows the relative log fold change (logFC) of the 
m-values between the two timepoints. Negative values indicate CpGs with decreased methylation among study participants (green), while positive 
values indicate increased methylation (red).
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4 Discussion

4.1 General discussion

Dietary interventions for modulating health have been well-
documented for millennia. In the last hundred years, we  have 
increasingly understood that food represents a complex mixture of 
caloric and non-caloric components capable of impacting physiology 
through myriad pathways. In this context, polyphenols have emerged 
as potential modifiers of human health, including immune health and 
longevity. However, beyond antioxidant effects, the specifics of how 
polyphenols and foods containing high levels of polyphenols and 
other phytochemicals impact health have remained relatively 
poorly interrogated.

Recent publications suggest the role of a polyphenol-rich diet in 
modulating epigenetics through direct gene methylation and through 
differential transcription of genes related to epigenetic regulation (13). 
Individual studies have especially highlighted the role of flavonoid 
polyphenols in their action on epigenetics. For example, a 2018 trial 
in cells taken from type 2 diabetic patients found significant changes 
in histone acetylation after six months of supplementation with 
resveratrol (74), while a 2013 study found multiple epigenetic 
alterations associated with cocoa supplementation for two weeks in 
participants with metabolic dysfunction (75). With roughly 88% of 
American adults possessing at least one characteristic of metabolic 
dysfunction, this nevertheless maintains relevance for most of the 
population (76). Coffee consumption (a top source of dietary 

polyphenols) has additionally been associated with alterations in 
methylation across CpG sites (77), which interestingly was only found 
in peripheral immune cells (as opposed to saliva-derived cellular 
epigenetic analysis).

In this 90-day study, we provide some of the first clinical evidence 
suggesting that combinations of polyphenols and phytonutrients 
occurring naturally in Tartary buckwheat may have multiple effects 
on markers of longevity and immune system makeup.

By comparing participant’s epigenetic analyses before and after 
the 90-day intervention period, we were able to observe statistically 
significant changes in rate of aging as measured by the PCPhenoAge 
and PCGrimmAge and OmicAge algorithms in subgroups 
experiencing higher and lower rates of aging, respectively. This 
suggests the potential for the combination of nutrients 
administered to exert an effect on aging parameters in 
immune cells.

4.2 Discussion of results

In analysis of immune cell subtypes using deconvolution 
methods, we hypothesized the potential for immunosenescence-
related immune cell changes. Therefore, we ran the deconvolution 
methods against subset-specific data in Table  5 above for the 
PCPhenoAge evaluation. Notable here were significant increases in 
CD4 T memory cells (PCPhenoAge – 1SD Higher) and CD8 T 
memory cells (PCPhenoAge – 1SD Higher), significant decreases in 

FIGURE 4

Top 15 significant gene ontology terms associated with hypermethylated DMLs using GREAT. Gene ontology databases are reported for (A) GO-BP, 
(B) GO-MF, and (C) GO-CC. Biological associations shown are gene ontology (GO) terms for Biological Processes (BP), Molecular Function (MF), and 
cellular components (CC).
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FIGURE 5

Top 15 significant gene ontology terms associated with hypomethylated DMLs using GREAT. Gene ontology databases are reported for (A) GO-BP, 
(B) GO-MF, and (C) GO-CC. Biological associations shown are gene ontology (GO) terms for Biological Processes (BP), Molecular Function (MF), and 
cellular components (CC).

FIGURE 6

Venn diagram of DMLs identified between the comparisons in (73) plotted against DMLs from the Tartary buckwheat supplement intervention.
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B naive cells (PCPhenoAge – 1SD Lower) and significant decreases 
in Natural Killer cells (PCPhenoAge – Within 1 SD). While the 
PCPhenoAge 1SD higher population saw a decrease in speed of 
epigenetic age progression, this group also demonstrated an increase 
in CD4T and CD8T memory cells. Conversely, those starting the 
study at a lower overall epigenetic age score saw a decrease in naive 
B cells. These alterations in adaptive immune cells speak to potential 
effects on immune phenotypes over a 90-day interventional window. 
Additional and more comprehensive profiling of immune cell and 
cytokine alterations linked to Tartary buckwheat nutrient intake may 
better characterize the immune effects of dietary consumption of 
this seed, including on immunosenescence-related pathways.

Using genome-wide EWAS analysis comparing blood samples 
from the start and end of the study period, we  identified 887 
differentially methylated CPG sites at a p value of <0.001 with 336 
hypermethylated and 551 hypomethylated sites controlled for 
potential overfitting. These differentially methylated sites were 
then analyzed using the GREAT software to identify GO pathways.

When we  mapped CpG methylation against known biological 
processes using the GREAT software, a total of 22 pathways were linked 
to hypermethylated CpGs, while 134 were linked to hypomethylated 
CpGs. On review of these processes, the most highly enriched changes 
in biological pathways occurred within the hypermethylated CpG sites, 
where the largest fold enrichment (22x) was linked to ceramide kinase 
activity. We  additionally found a 6.7-fold enhancement in COP9 
activity. Among the hypomethylated biological processes, the largest 
enrichment changes were seen with negative and positive regulation of 
photoreceptor cell differentiation (7.41 and 7.21-fold, respectively). 
While of lower overall effect magnitude, it is also notable in the context 
of immunity that positive regulation of glial cell maturation was among 
the top 10 most pronounced findings, at a 2.9x fold-enrichment. These 
relatively large effects, in contrast with the immune cell deconvolution 
results, suggest that the more pronounced impact of the dietary 
supplementation occurred on upstream immune-related biological 
pathways measurable through epigenetics. The complete list of GREAT 
software identified GO pathways can be found in Supplementary File 3.

TABLE 4  Investigation of epigenetic age measures based on subsets one standard deviation higher than the mean, one standard deviation lower than 
the mean, and within or equal to one standard deviation (−1 to +1) of the mean for multiple epigenetic aging algorithms.

Mean – 
Test 1

SD – Test 1 Mean – 
Test 2

Mean – SD 
Test 2

N Wilcoxon (p-value)

OMICmAge EAA – 1SD Higher 5.686 1.176 4.185 2.904 7 0.380

OMICmAge – 1SD Higher 61.290 10.649 59.940 11.844 7 ---

OMICmAge EAA – 1SD Lower −4.969 1.037 −3.718 1.851 7 0.031

OMICmAge – 1SD Lower 48.032 5.557 49.404 5.709 7 ---

OMICmAge EAA – Within 1SD −0.291 1.906 −0.031 3.120 26 0.860

OMICmAge – Within 1SD 54.785 7.201 55.268 7.538 26 ---

OMICmAge EAA – All −0.063 3.604 0.062 3.699 40 0.740

OMICmAge – All 54.741 8.439 55.059 8.548 40 ---

PCPhenoAge EAA – 1SD Higher 8.065 2.163 4.262 2.294 6 0.031

PCPhenoAge – 1SD Higher 51.004 4.785 47.456 6.345 6 ---

PCPhenoAge EAA – 1SD Lower −9.300 2.886 −5.790 4.221 7 0.078

PCPhenoAge – 1SD Lower 36.754 11.490 40.537 11.347 7 ---

PCPhenoAge EAA – Within 1SD −0.087 2.435 0.166 4.132 27 0.360

PCPhenoAge – Within 1SD 48.759 10.207 49.251 10.601 27 ---

PCPhenoAge EAA – All −0.476 5.580 −0.262 4.854 40 0.690

PCPhenoAge – All 46.995 10.778 47.457 10.522 40 ---

PCGrimAge EAA – 1SD Higher 2.960 0.822 2.177 1.455 8 0.200

PCGrimAge – 1SD Higher 63.209 11.339 62.561 11.717 8 ---

PCGrimAge EAA – 1SD Lower −3.759 0.554 −1.333 0.536 6 0.031

PCGrimAge – 1SD Lower 57.527 12.238 60.078 12.357 6 ---

PCGrimAge EAA – Within 1SD −0.407 1.165 −0.336 2.166 26 0.670

PCGrimAge – Within 1SD 61.605 7.425 61.855 7.860 26 ---

PCGrimAge EAA – All −0.236 2.248 0.017 2.178 40 0.320

PCGrimAge – All 61.314 8.979 61.730 9.187 40 ---

PACE – 1SD Higher 1.007 0.050 0.976 0.071 8 0.250

PACE – 1SD Lower 0.710 0.033 0.699 0.090 7 0.690

PACE – Within 1SD 0.841 0.050 0.866 0.079 25 0.110

PACE – All 0.851 0.104 0.859 0.116 40 0.610

Italicized terms meet statistical significance at a p-value of 0.05 or less.
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4.3 Review of hypermethylated pathways

The single largest fold enrichment pathway in the 
hypermethylated analysis (and across all GO pathways) was related 
to ceramide kinase regulation. Ceramides, bioactive lipids found in 
plasma membranes, regulate numerous cellular processes, such as 
cell cycle and immunity, by acting as second messengers (55, 56). 
Elevated circulating ceramide levels are linked to cardiometabolic 
and immunological dysfunction, often triggered by dietary factors. 
For instance, palmitic acid raises ceramide levels, whereas 
polyunsaturated fats lower them (57).

Ceramide kinase (CERK) converts ceramide to ceramide-1-
phosphate (C1P), an important regulator of inflammation and 
immune responses, with context-dependent pro- or anti-inflammatory 
effects (58). CERK promotes mast cell degranulation (59) and 
contributes to cellular senescence, a key factor in aging and 
inflammation. Inhibiting CERK reduces senescent cell burden, while 
C1P enhances cell survival (60, 78).

Polyphenols like rutin have been shown to modulate the ceramide 
pathway, reducing ceramide levels in preclinical models (61). 
Additionally, adherence to the Mediterranean diet is associated with 
lower ceramide levels in humans (62). A network pharmacology study 
identified RAF1, a protein involved in cellular proliferation, as a target 
of Tartary buckwheat, with ceramide-linked phosphorylation playing 

a role (63, 64). These findings suggest that Tartary buckwheat may 
influence immune function, longevity, and epigenetic outcomes by 
inhibiting the ceramide kinase pathway.

Regarding COP9, this is a conserved protein complex composed 
of 9 subunits found across eukaryotic cells, and well described in 
plants and animals. In plants, the COP9 signalosome regulates gene 
expression and resilience to abiotic stress. COP9 is an established 
cell-cycle regulator through impacts on ubiquitination and 
transcriptional modification (65). Genes associated with the COP9 
signalosome are linked to regulation of senescence (66). The COP9 
signalosome has more recently been implicated in the modulation 
of neuroinflammation including effects on microglial cells and 
appears to play a key role in maturation of the autophagosome (67, 
68) It has previously been shown that curcumin polyphenols are 
capable of impacting COP9 (69).

4.4 Review of hypomethylated pathways

A relatively higher number of hypomethylated GO pathways 
were identified by the GREAT software. These diverse biological 
pathways share a common theme of regulating cell differentiation 
and development. For example, some of the highest fold change 
effects occurred in processes governing photoreceptor cell 

FIGURE 7

Visual representation of individual epigenetic age accelerations (PCPhenoAge used as example). Each graph is faceted by each individual’s de-
identified ID provided during the trial. Individual slopes calculated as changes in signify changes in epigenetic age metrics during this window (positive 
slopes represent increased epigenetic age acceleration, negative slopes represent decreased epigenetic age acceleration). These results may speak to 
individual differences in epigenetic sensitivity to environmental inputs, in this case dietary modification.
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differentiation, ventral spinal cord interneuron specification, 
oligodendrocyte and generally glial cell differentiation, highlighting 
mechanisms of neural development and functionality. Of note, 
polyphenols have been shown in preclinical work to have effects on 
both neurons and on glial cells (70, 71). Additionally, pathways such 
as heart valve formation, morphogenesis, and prostate gland 
epithelium morphogenesis emphasize the precise orchestration of 
cellular proliferation and specialization necessary for organogenesis. 

Regulation of signaling pathways, like those involving platelet-
derived growth factors or the Wnt signaling pathway, further 
underscores the delicate balance of activation and inhibition 
required to maintain tissue homeostasis, control cell fate, and 
prevent aberrant growth or differentiation. Collectively, these 
pathways underscore influences on the interplay of various signals 
that guide the formation, specialization, and maintenance of cells 
across different biological systems.

TABLE 5  Representation of changes in deconvoluted immune cell subsets using epigenetic age accelerations for PCPhenoAge.

Week 0 Week 8 Wilcoxon – p-value Clock comparison

CD4Tmem 0.096 0.095 0.934 PCPhenoAge – Within

CD8Tmem 0.053 0.052 0.427 PCPhenoAge – Within

CD4Tnv 0.073 0.077 0.117 PCPhenoAge – Within

CD8Tnv 0.034 0.032 0.178 PCPhenoAge – Within

Bmem 0.020 0.019 0.645 PCPhenoAge – Within

Bnv 0.042 0.040 0.470 PCPhenoAge – Within

Treg 0.008 0.009 0.427 PCPhenoAge – Within

Baso 0.019 0.018 0.594 PCPhenoAge – Within

Eos 0.012 0.009 0.786 PCPhenoAge – Within

NK 0.060 0.052 0.046 PCPhenoAge – Within

Neu 0.521 0.540 0.441 PCPhenoAge – Within

Mono 0.063 0.057 0.220 PCPhenoAge – Within

CD4Tmem 0.105 0.087 0.156 PCPhenoAge – 1SD Lower

CD8Tmem 0.059 0.045 0.219 PCPhenoAge – 1SD Lower

CD4Tnv 0.143 0.118 0.109 PCPhenoAge – 1SD Lower

CD8Tnv 0.055 0.039 0.078 PCPhenoAge – 1SD Lower

Bmem 0.019 0.017 0.297 PCPhenoAge – 1SD Lower

Bnv 0.067 0.055 0.031 PCPhenoAge – 1SD Lower

Treg 0.013 0.011 0.469 PCPhenoAge – 1SD Lower

Baso 0.018 0.014 0.016 PCPhenoAge – 1SD Lower

Eos 0.007 0.003 0.402 PCPhenoAge – 1SD Lower

NK 0.063 0.057 0.469 PCPhenoAge – 1SD Lower

Neu 0.398 0.512 0.109 PCPhenoAge – 1SD Lower

Mono 0.052 0.042 0.375 PCPhenoAge – 1SD Lower

CD4Tmem 0.071 0.107 0.031 PCPhenoAge – 1SD Higher

CD8Tmem 0.037 0.055 0.031 PCPhenoAge – 1SD Higher

CD4Tnv 0.044 0.063 0.063 PCPhenoAge – 1SD Higher

CD8Tnv 0.034 0.042 0.156 PCPhenoAge – 1SD Higher

Bmem 0.014 0.020 0.031 PCPhenoAge – 1SD Higher

Bnv 0.032 0.039 0.156 PCPhenoAge – 1SD Higher

Treg 0.007 0.005 0.438 PCPhenoAge – 1SD Higher

Baso 0.014 0.019 0.156 PCPhenoAge – 1SD Higher

Eos 0.002 0.007 0.201 PCPhenoAge – 1SD Higher

NK 0.029 0.043 0.063 PCPhenoAge – 1SD Higher

Neu 0.654 0.548 0.063 PCPhenoAge – 1SD Higher

Mono 0.061 0.051 0.563 PCPhenoAge – 1SD Higher

Bolded rows indicate a significant p value.
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4.5 Changes across diverse immune and 
longevity pathways suggest specific role 
for Tartary buckwheat in “Food is Medicine” 
discussion

Suboptimal diet has been clearly established as a major risk factor 
for global death and disability (72). However, recommendations 
around dietary modification are largely generalized (e.g., eat more 
fruits, vegetables and whole grains). While this may help at a 
population level in preventing disease, there has also been a call to 
understand whether certain foods and nutrients (beyond total 
calories, macro and micronutrients) may serve to provide an outsized 
benefit in the health of the individual. As immune-mediated or related 
conditions are among the most common chronic diseases, dietary 
interventions targeting immune dysfunction represent an important 
part of the conversation of “food is medicine.”

Data from this pilot study helps provide a more nuanced 
understanding of how combinations of naturally occurring 
phytochemicals might induce beneficial effects on humans through 
activation of biological pathways involved in immune modulation and 
immune aging. Compared to pharmaceuticals operating with high 
potency effects on receptors, the biological impact of naturally 
occurring nutrients like polyphenols at levels similar to what has 
typically been found in diets of long-lived populations around the 
world is expected to be more gradual in onset and less pronounced in 
effect. Here, we provide preliminary data demonstrating the impact of 
select phytochemicals from Tartary buckwheat in effecting changes 
across biological pathways involved in health and disease.

4.6 Limitations

As this was a pilot study and did not include a placebo arm, it is 
possible that some of the effect seen over the 90-day period was a 
representation of background epigenetic change due to environmental 
variables. Additionally, this trial did not study dose associations with 
epigenetics as only one dose of the study supplement was delivered 
over the course of the study period. While participants were asked not 
to make any overt changes to their dietary plan or to start any new 
supplements that might influence the effect of the study supplement, 
this was a free-living study and therefore participants were not closely 
monitored. Similarly, variability in lifestyle and related factor (e.g., 
sleep quality, exercise frequency, stress) were not controlled for in this 
study and therefore may have contributed to some of the epigenetic 

changes observed. Finally, this was a relatively small study, with 40 
participants included in the final analysis.

4.7 Future research considerations

As this was a pilot study, only one dose of polyphenol-rich 
supplement was studied. However, a future investigation would 
be benefited by testing the relative immune and epigenetic associations 
seen with higher and lower doses of polyphenols, as well as testing use 
of these molecules over a shorter and longer timespan. Additionally, 
it is known that the host microbiome may play a significant role in 
polyphenol metabolism, and that it may modulate the influence of 
polyphenols on the gastrointestinal immune system. To this end, 
future research that examines correlations between the microbiome 
and the effects of polyphenol supplementation on immune and 
epigenetic parameters is worthy of consideration. While this study 
benefited from deconvolution algorithms that allowed us to examine 
the effects of intervention across various immune cell subtypes, a 
deeper immunophenotyping using flow cytometry techniques could 
allow for interrogation of whether polyphenol-related effects were 
specific to leukocyte subsets and resultant cytokine production. This 
degree of precision would aid future efforts to tailor nutritional 
intervention to individuals.

5 Conclusion

In this study, we present novel data indicating the potential for 
phytochemical nutrients found within Tartary buckwheat to act on 
multiple metrics of epigenetic immune age, immune cells and 
related cellular pathways. The polyphenol-rich supplement designed 
around key bioactive nutrients naturally occurring in Tartary 
buckwheat appeared to directionally influence CpG methylation 
patterns in subsets of participants with higher and lower rates of 
biological aging as measured by the PCPhenoAge, PCGrimAge and 
OmicAge aging algorithms. These changes were correlated with 
changes in peripheral immune cell patterns as measured by the 
PCPhenoAge aging algorithm which is known to be sensitive to 
changes associated with immunosenescence. Changes in GO 
pathways additionally suggest the potential for effects on multiple 
immune and cellular regulatory mechanisms, especially those 
related to ceramide kinase. These results suggest that polyphenols 
and associated bioactive nutrients naturally occurring in Tartary 
buckwheat may significantly influence epigenetic age measurements 

TABLE 6  Time between GHQ responses.

GHQ Timepoint # Participant 
responses

Days from baseline GHQ

Theoretical Median Min Max

Baseline 49 n/a n/a n/a n/a

Day 30 39 30 37 −4 75

Day 30* 37 30 39 18 75

Day 60 44 60 73 53 111

Day 90 49 90 101 67 138

GHQ, General Health Questionnaire; n/a, not applicable. *Two participants indicated taking the 30-d GHQ before consuming the product, resulting in minus days. The data in this line shows 
median min and max days from baseline when these individuals were removed from the analysis.
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that may be driven by or reflected in changes in the immune system 
and associated pathways.

In the context of the larger intersections between the fields of 
nutrition and healthy aging, this research provides additional support 
for uncovering pathway-specific and precision nutritional 
interventions. The detailed analysis generated by epigenetic analysis 
permits a more comprehensive demonstration of which biological 
systems may be most modulated by individual or combinations of 
nutrients naturally occurring in food or supplements, with in this case, 
a specific focus on Tartary buckwheat. Moving forward, a deeper 
understanding of potential nutritional targets within an individual’s 
epigenetic analysis prior to intervention will aid researchers and 
clinicians in accurately matching nutritional needs with dietary plans 
and diet adjuncts including supplements.
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Roel P. F. Schins2, Mauro Serafini1* and Donato Angelino1
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Introduction: Immunonutrition, defined as the potential of foods, nutrients and

dietary patterns to modulate the immune system activity, has been proposed as a

strategy to enhance the immune response in both metabolic and immune-

mediated diseases. However, the anti-/pro-inflammatory role of foods and diets

is far to be fully ascertained, and thus there is a continued needed for appropriate

in vitro cell-culture models to investigate the role of foods in modulating cell-

mediated inflammatory processes. This study aims to develop and test an in vitro

tri-culture model, simulating the complexity of the intestinal tract and its multiple

cell interactions.

Methods: To achieve this, the intestinal epithelial barrier was established by co-

culturing human Caco-2 enterocyte-like and HT29-MTX-E12 mucus producing

goblet-like colon cells, then adding human monocyte THP-1 cells to the

basolateral compartment. The integrity and stability of the epithelial barrier

were monitored and the inflammatory response of the model was assessed

using various stressors at different concentrations, both individually and in

comb ina t ion (phorbo l -12- myr i s t a te-13-ace ta te or PMA , and

lipopolysaccharide or LPS), in terms of cytokines production. To test the

model, different concentrations of in vitro digested broccoli (BD) were added

to the apical section of the model.

Results: Supernatants from the basolateral compartment were collected and

analyzed for cytokines production (IL-6, TNF-a, IL-12p70, IL-18 and IL-8) using

automated ELISA (ELLA). Additionally, ZO-1 protein from the tight junctions of

epithelial cells was analyzed by flow cytometry. The results indicated that 100 nM

PMA added to the whole model for 20 h was the best stressor to simulate a mild-

inflammatory status of the gut. Following treatment with BD, IL-6, TNF-a, IL-8
and IL-18 were significantly reduced compared to the control group, while ZO-1

expression increased at the lowest BD concentration.

Conclusions: These findings confirm the feasibility of the model for assessing the

effects of food digesta on specific cytokines and permeability markers,
frontiersin.org0126

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1545261/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1545261/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1545261/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1545261/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1545261/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1545261&domain=pdf&date_stamp=2025-02-05
mailto:mserafini@unite.it
https://doi.org/10.3389/fimmu.2025.1545261
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1545261
https://www.frontiersin.org/journals/immunology


Ramal-Sanchez et al. 10.3389/fimmu.2025.1545261

Frontiers in Immunology
representing a valuable strategy for investigating the role of foods in modulating

the inflammatory response. The results obtained may support dietary strategies

aimed at promoting wellbeing and preventing inflammatory-related

metabolic diseases.
KEYWORDS

immunonutrition, cytokines, nutrition, gut, IBD, tri-culture, advanced cellular
model, inflammation
1 Introduction
Over the past few decades, lifestyle factors as smoking/drinking

habits, physical inactivity and the adherence to unbalanced dietary

patterns – characterized by a high intake of foods rich in (saturated)

fats, sugars, salt and a low intake of foods source of fiber and plant-

based proteins – has led to an increased incidence of chronic

metabolic diseases such as obesity, diabetes and cardiovascular

diseases (CVDs), and relative deaths (1, 2). These pathologies are

all characterized by a common disruption of the immune system,

known as meta-inflammation, defined as a “chronic, low-grade

systemic inflammation and differing from the acute inflammatory

response typical of the innate immune system” (3).

Among the chronic inflammatory intestinal disorders, Crohn’s

disease (CD) and ulcerative colitis (UC) are the major

representatives of inflammatory bowel diseases (IBDs) (4). While

the causes are still unknown, a combination of genetic,

immunological and environmental factors may be the triggers of

the excessive and abnormal immune response, leading to a wide

variety of symptoms and a low quality of life for the patient (5). The

initiation of the immune response in CD and UC patients is

characterized by an increased migration of monocytes into areas

of inflammation, which differentiate then into a pro-inflammatory

macrophage phenotype (M1), releasing pro-inflammatory

cytokines that amplify the immune response and attract

additional cellular and humoral components of the immune

system (6, 7). Notably, a strong correlation has been

demonstrated between obesity and IBDs (8, 9). While low-grade

inflammation is present in obese individuals even without other

pathological conditions, a persistent metabolic inflammation has

been associated with the development of comorbidities, such as

IBDs, type 2 diabetes (T2D) or CVDs (10, 11).

Diet plays an important role in modulating cytokines-induced

stress associated with the raising of inflammatory chronic

conditions. Specific macronutrients from the unbalanced dietary

patterns have been proposed as fuel for the inflammatory response

in the gut, perturbing not only the innate immunity but also the gut

microbial profile and metabolism (4). In contrast, dietary patterns

characterized with a high intake of fruit, vegetables, legumes, whole

grain products, and low consumption of animal-based products has

been associated with lower levels of chronic inflammation (12–15).
0227
Scientific research focused on human studies has shown a protective

role for a high intake of plant foods and inflammatory markers of

inflammation, as C-reactive protein, interleukin 6 (IL-6) and tumor

necrosis factor alpha (TNF-a) (13).
In order to unravel the potential of various food items in

modulating the inflammatory response, several in vitro gut-

mimicking models have been proposed. To date, literature

suggests that the most frequently used model is represented by a

single-cell culture, mainly represented by the enterocyte or

colonocyte (16, 17). However, it represents a simplistic strategy,

restricted to the study of preliminary tests on specific situations and

well-known mechanisms, omitting the interaction with immune

cells and their key participation in inflammatory and immune

processes (18). In an effort to solve this issue, a two-cells

approach including intestinal and immune cells has been

proposed as a valuable alternative (19–22). Nevertheless, the

intestinal tract is a complex environment characterized by many

interactions among different cells with specific features, underlining

the need for using an in vitro model able to resemble the human

intestine and the interactions between the main participating cells

as much as possible, but simple enough to exclude the variability

related to the single individual characteristics.

Recently, a more complex culture model composed of three cell

lines (tri-culture model or 3C henceforth) has been developed to in

vitro simulate the physiological inflammatory processes occurring

in vivo at gut level, within limits (23–26). This tri-culture model is

composed by epithelial cells from i) Cao-2, an immortalized human

colon carcinoma cell line; ii) HT29-MTX-E12, a human colon

intestinal cell clone able to produce mucus; and iii) the monocyte

cell line THP-1, isolated from the peripheral blood of a patient

affected by acute monocytic leukemia and widely used in

immunology research. 3C model can be assembled by co-

culturing epithelial cells both in the apical part of the insert and

THP-1 in the basolateral compartment, without physical

interaction among the cells, or in an inverted position, by

culturing epithelial cells in the basolateral surface of the insert

and the THP-1 cells in the apical part, allowing a direct interaction

among the cell lines. 3C has been already used for different research

purposes, as for the screening and evaluation of therapeutic drugs

for IBD treatment (23), or to screen potential anti-inflammatory

compounds in the context of intestinal inflammation, inducing a

mild inflammatory status after lipopolysaccharide (LPS) addition
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(25). Kämpfer and collaborators compared the potential toxicity of

different engineered nanomaterials (ENMs) on monocultures of

Caco-2 and HT29-MTX-E12 cells and on the 3C model including

THP-1 cells, confirming that 3C model represent a more adequate

strategy to address advanced and multifaceted research questions

(24). The same model but in an inverted orientation was used by

Busch and colleagues to elucidate intestinal effects of low-density

polymeric particles from environmental pollution, finding effects

that previously were absent in the non-inverted model (27).

Last but not least, the majority of the approaches have tested

foods just with water/organic solvent extraction processes, without

undergoing a process of digestion, as happens in “real-life”

conditions (28–30). This approach might have led to unreliable

results due to the biochemical and/or metabolic transformation that

occur during cooking and/or digestion. To overcome this problem,

in the development of our model the tested food extracts were

subjected to in vitro digestion.

The aim of this study is to develop and optimize a tri-culture in

vitro cellular model, including intestinal and immune cells and

simulating a mild-inflammatory status, to assess the pro/anti-

inflammatory role of digested foods. To accomplish the aim, the

model setting-up has been subdivided into different steps: a)

establishment and assessment of the intestinal epithelial barrier

composed by Caco-2 and HT29-MTX-E12 cells; b) selection of the

baseline inflammatory conditions in the immune component of the

model (THP-1 cells); c) tri-culture model assembly and evaluation;

d) selection of the baseline inflammatory conditions in the tri-

culture model, including an anti-inflammatory drug and the final

cytokine pattern; e) analysis of the anti/pro-inflammatory response

testing a food digesta on the inflamed tri-culture model; f)

quantification of cell lysis by measuring LDH release; and g)

evaluation of ZO-1 protein expression on the intestinal

epithelial barrier.
2 Materials and methods

2.1 Chemicals

Unless otherwise stated, chemicals were acquired from Sigma-

Aldrich (Saint Louis, MO, USA).
2.2 Intestinal epithelial cells co-culture
and maintaining

Caco-2 cells (cat. no. 09042001-1VL, ECACC) and HT29-

MTX-E12 cells (ECACC, 12040401) were cultured in DMEM cell

culture medium supplemented with 10% FBS, 1% penicillin/

streptomycin and 1% non-essential amino acids (NEAAs),

maintained at 37 ˚C, 5% CO2, humified atmosphere. Caco-2 and

HT29-MTX-E12 cells were regularly split at ~80% confluence and

used at passages 10–30 after thawing for co-culture experiments.

For intestinal epithelial cells co-culture, cells were seeded on

Transwell inserts (1 mm pore size; Falcon, Sacco S.r.L., Cadorago,

Como, Italy) at a density of 1.66*105 cells per well in a ratio 9:1
Frontiers in Immunology 0328
(Caco-2:HT29-MTX-E12) and maintained up to 21 days, renewing

the medium on Monday, Wednesday and Friday. On the apical

(AP) side, cells were cultured in DMEM, whereas the medium in the

basolateral (BL) compartment was progressively changed to RPMI-

based THP-1 medium without b-mercaptoethanol.
2.3 Trans-epithelial electrical
resistance monitoring

To monitor the intestinal barrier integrity and stability, trans-

epithelial electrical resistance (TEER) measurements were

performed at 7, 14 and 21 days after the beginning of the co-

culture using the volt-ohm meter Millicell® ERS-2 (Electrical

Resistance System, Merck Millipore). The resistance has been

then calculated and expressed as Ohm per cm2
filter surface,

following the equation:

Resivity(W cm2) = (Ohm2 − Ohm1)∗A

where Ohm1 is the blank resistance, Ohm2 the insert resistance

and A the surface area of the insert.
2.4 Immune cells culture and stimulation

THP-1 (ATCC, TIB-202) cells were cultured in RPMI 1640-

based cell culture medium (containing L-glutamine and 25 mM

HEPES) supplemented with 10% FBS, 1% penicillin/streptomycin, 1

nM sodium pyruvate, 0 .7% d-glucose and 50 nM b-
mercaptoethanol and maintained between 2*105 and 8*105 cells/

mL, at 37 ˚C and 5% CO2, humified atmosphere.

To stimulate THP-1 differentiation into a pro-inflammatory

macrophage phenotype, different concentrations of well-known

stressors have been used, in multiple combinations. To that,

THP-1 cells have been cultured in 12-well plates (2*105 cells per

well) during 24 hours under culture conditions, adding

lipopolysaccharide (LPS) at 100 ng/mL and/or phorbol 12-

myristate 13-acetate (PMA) at 50, 75 and 100 nM, added in

contemporary (24 hours of inflammation) or consecutively (24h

LPS + 24h PMA, reaching a total of 48 h of inflammation). The

inflammatory response of the different study groups has been

measured in terms of TNF-a and IL-6 production.
2.5 Tri-culture model assembling
and stimulation

Tri-culture model has been assembled by transferring the

Transwell inserts onto the THP-1 cells, immediately after seeding

them in 12-wells plates at a density range of 2*105 cells per well with

the different treatments: no treatment (non-differentiated THP-1

cells); LPS (100 ng/mL); PMA (100 nM); PMA + LPS (at the same

concentrations and in contemporary). The inflammatory response

of the different study groups has been measured in terms of TNF-a
and IL-6 production. To decipher the best anti-inflammatory drug
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concentration, a dose-concentration analysis of the glucocorticoid

prednisolone was performed (5, 1, 0.5 and 0.25 µM). To explore the

potential role of the enzymes present in the food digesta (see section

2.6), a digesta with no food was examined as well, at different

concentrations (500, 400, 200, 100 and 50 µL per mL of

supplemented-DMEM). A schema of the tri-culture model

assembling is available in Figure 1.
2.6 Preparation of food digesta and
calculation of dry matter concentration

Broccoli digesta (BD) were used as sampling digesta to set the

tri-culture model. Specifically, three different cultivars/varieties of

the product purchased in local supermarkets/groceries have been

washed, steamed for 5 min, then dabbed with paper towel; after

mincing, the pool from the different cultivars were considered as
Frontiers in Immunology 0429
unique sample for in vitro digestion. Dry matter of samples was

determined according to the AOAC gravimetrical method (31).

Digestion protocol referred to the harmonized INFOGEST

static in vitro digestion procedure, simulating the physiological

conditions of the oral, gastric and small intestinal digestion

phases in vitro (32), with opportune modifications.

The oral phase was carried out by using human saliva collected

from healthy volunteers, according to Chen et al. (33). The fresh

saliva samples were collected after 2 hours from the last meal. The

donors were invited to rinse their mouth with deionized water for at

least 30 sec to obtain a neutral environment and then saliva at the

first 30 s was discarded. Saliva was collected in the next 5 min each

30 sec, until the needed amount was reached. The collected saliva

was immediately centrifuged at 1780 x g for 10 min and the

supernatant used for the following procedure.

In order to simulate mastication, 4 mL of human saliva was

added to 4 g of food sample and then the mixture was grinded with
FIGURE 1

Schema of the tri-culture model assembling.
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mortar and pestle for 2 min. The gastric phase was started by adding

simulated gastric fluid containing 2000 U/mL pepsin in the final

volume. The pH was adjusted to 3 and the volume to 16 mL and the

mixture was incubated at 37°C for 2 h in a rotating mixer. Then, a

solution containing simulated intestinal fluid, containing bile

extract (10 mM of bile salts in the final volume) and pancreatin

(100 U/mL of trypsin activity in the final volume) was added. The

pH was adjusted to 7 and the volume to 32 mL and the mixture was

incubated at 37°C for 2 h in a rotating mixer. Digesta were collected,

centrifuged at 1780 x g and the supernatant was aliquoted and

stored at -20°C until cell treatments. For testing, BD were diluted in

supplemented-DMEM at different concentrations (400, 200, 100, 50

µL per mL of supplemented-DMEM). A digesta solution with no

food (NF), but containing the enzymes and subjected to the

standard procedure described, was used as a blank for the

experiments evaluating the digesta effects.
2.7 Anti-inflammatory drug selection and
digesta enzymes evaluation

To decipher the best anti-inflammatory drug concentration to

be used, a dose-concentration analysis using a glucocorticoid was

performed. Different concentrations of prednisolone were used: 5,

1, 0.5 and 0.25 µM. In addition, the NF solution at different

concentrations (500, 400, 200, 100, 50 µL per mL of

supplemented-DMEM) was tested as well in terms of cytokines

production. After the stimulation of the model with PMA at 100 nM

for 20 hours, treatments were added to the apical part of the model

and incubated for 4 hours under culture conditions. Then, the

supernatants from the basolateral compartments were recovered

and stored at -80°C until the analysis.
2.8 Cytokines analysis by traditional ELISA
or ELLA Simple Plex®

To select the final cytokine pattern to be used, the whole 3C

model was stimulated with 100 nM PMA during 24 hours (PMA-

CTRL) and the supernatants from the basolateral compartment

were compared with those from a non-stimulated 3C model

(CTRL). Prednisolone and NF digesta were used to evaluate

potential cytokines differences, tested on the model as previously

described. The supernatants from the basolateral compartments

were recovered and stored at -80°C until the analysis.

For the model setting-up and the selection of the cytokine

pattern, TNF-a, IL-6, IL-1b, IFN-g, IL-12p70, IL-23, CCL20, IL-18
and IL-8 cytokines were analyzed using traditional Human

Quantikine ELISA kits (Bio-Techne, Minneapolis, MN, USA),

following the manufacturer instructions and measuring with the

spectrophotometer (Enspire, Perkin Elmer). Once the pattern was

identified, for digesta testing, TNF-a, IL-6, IL-12p70, IL-18 and IL-

8 cytokines were analyzed using ELLA Simple Plex® automated

immunoassay system (ProteinSimple, San Jose, CA, USA), using
Frontiers in Immunology 0530
commercially available customized simple plex kits and according

to the manufacturer instructions.
2.9 Evaluation of cell lysis by LDH
quantification assay

Cell damage (or necrotic cell death) has been measured by

quantifying the enzymatic activity of the lactate dehydrogenase

(LDH) released. Briefly, 50 mL of 200 mM TRIS, 50 mL of 50 mM

lithium lactate, and 50 mL mix of iodonitrotetrazolium (INT),

phenazine methosulfate (PMS), and nicotinamide adenine

dinucleotide (NAD) at 1.32 mg/mL, 0.36 mg/mL and 3.44 mg/mL

concentrations, respectively, were added to a 96-wells plate.

Subsequently, 50 mL of cell-free supernatants have been added to

the previous mix and incubated for 5 min at room temperature

(RT). As a control of 100% cell lysis, cells exposed to 0.1% Triton X-

100 in PBS for 24 h have been used. Optical density has been

spectrophotometrically measured (Enspire, Perkin Elmer) at 490

nm. A background control in complete cell culture medium (CCM)

was subtracted from the results.
2.10 Analysis of ZO-1 protein expression

To analyze ZO-1 protein expression on the intestinal epithelial

barrier, cells were recovered from the inserts using Accutase®, then

washed and fixed using a 4% paraformaldehyde (PFA) solution. For

flow cytometry analysis, fixed cells were incubated with an anti-ZO-

1 antibody produced in rabbit for 1 h, and then with a goat anti-

rabbit IgG Alexa Fluo 488 (ThermoFisher Scientific) for 1h.

Samples were then analyzed using a CytoFLEX flow cytometer

with 488 nm and 638 nm wavelength lasers (B53013) and operated

with the CytExpert software (Beckman Coulter, Brea, CA, USA).

Events were acquired exciting with the 488 nm laser light and using

the band-passes of 525/40 nm for Alexa Fluor 488. Positive events

were considered those expressing the protein ZO-1. Flow rate was

adjusted to 100 events/sec, acquiring at least 5000 events for each

independent sample. Data were extracted and analyzed with

CytExpert, considering the fluorescence median from each sample

group and comparing every treatment group to the control group.

Experiments were performed in biological triplicate.
2.11 Statistical analysis

Statistical analysis was performed on data from at least 3

independent biological and technical experiments. Data were

obtained using Graphpad Prism 9.1.0 and expressed as violin or

histogram plots. To evaluate the treatment effect, delta value of

cytokines was calculated by subtracting the control value to every

treatment value. Normality tests (Shapiro-Wilk test for n<50) and

outlier identification (ROUT) were carried out for every individual

experiment. For cytokines analysis, ANOVA with Dunnett’s

multiple comparisons or Friedman tests were performed; for the

cytokines analysis following BD treatments, one-way ANOVA with
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1545261
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ramal-Sanchez et al. 10.3389/fimmu.2025.1545261
Geisser-Greenhouse correction and uncorrected Fisher’s LSD was

applied (information available for every figure legend).
3 Results

3.1 Establishment and assessment of
intestinal epithelial barrier

Intestinal epithelial co-culture has been monitored up to 21

days after the beginning of the co-culture in terms of barrier
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integrity and stability, confirming the expected cell differentiation

and barrier stability along the culture, reaching TEER values of 600-

700 W per cm2 at the end of the co-culture (Figure 2).
3.2 Baseline inflammatory conditions in
THP-1 cells

Stimulated-THP-1 cells either with LPS (100 ng/mL), PMA (50,

75 or 100 nM) or 100 nM PMA in combination with LPS (100 ng/

mL) produced concentrations of TNF-a significantly different
FIGURE 2

Intestinal barrier integrity. Graph shows the TEER values of the intestinal epithelial barrier composed by Caco-2 and HT29-MTX-E12 after 7, 14 and
21 days, confirming the cells growing and differentiation and the barrier stability. Exp, experiment; N= 3 independent experiments; every experiment
corresponds to the mean of at least 10 different wells.
FIGURE 3

Concentration of TNF-a (A) and IL-6 (B) in the supernatant of stimulated-THP-1. The graph shows the delta values of TNF-a and IL-6 for each
experimental group: THP-1 treated with LPS (100 ng/mL), PMA at different concentrations (50, 75, 100 nM), PMA + LPS (100 nM and 100 ng/mL,
respectively) and PMA + LPS at the same concentrations but in a consecutive period (24 h + 24 h). CTRL: non-stimulated THP-1; PMA, phorbol-12-
myristate-13-acetate; LPS, lipopolysaccharide. N=4. *p<0.05; **p<0.01, with respect to the CTRL group (one-way ANOVA, Dunnett’s multiple
comparisons test).
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compared to the control group, and particularly higher for 100 nM

PMA and the combo PMA+LPS (results represented as delta value,

Figure 3A). Regarding IL-6, significantly higher concentrations

were observed for 100 nM PMA group compared to control

(Figure 3B). In conclusion, 100 nM PMA was identified as the

best option simulating a mild-inflammatory status.
3.3 Inflammatory conditions in the
3C model

To decipher the best stimulation conditions of the 3C model,

once assembled the whole model was treated with PMA (100 nM)

or LPS (100 ng/mL), added to the basolateral compartment. Results

showed that there was a significant increase in concentrations

following both stressor incubations in terms of TNF-a
production, especially pronounced for PMA treatment

(Figure 4A), compared to control. Regarding IL-6 concentrations,

significant results were observed in the LPS group compared to

control, showing for the PMA group a not significantly increase in

IL-6 production than control, but it is worth reporting the higher

variability in the concentration range (Figure 4B).
3.4 Dose-concentration analysis of
prednisolone and digesta
enzymes evaluation

Among the different studied concentrations of prednisolone (5, 1,

0.5 and 0.25 µM), 1 µM stand out as the best concentration to be used,

showing significant results in the reduction of TNF-a compared to

control and an absolute reduction of IL-6 compared to control,

although not statistically significant. Moreover, values for digesta

no-food showed no differences with respect to the control group.

Figure 5 shows the data obtained for NF at a specific concentration

(100 µL per mL of supplemented-DMEM, as a representation of the

concentration range studied (data not shown).
3.5 Selection and screening of the final
cytokine pattern

Among the cytokines analyzed, TNF- a, IL-6, IL-12p70, IL-8
and IL-18 showed a significant increase when the model was

stimulated with PMA at the selected concentrations, compared to

the non-stimulated model. On the contrary, IL-1b, IFN-g, CCL-20
and IL-23 showed no differences in terms of cytokines

production (Figure 6).
3.6 Testing the 3C model in terms of
cytokines production with a
broccoli digesta

Broccoli digesta (dry-matter 9.67 g/L) were added to the 3C

model and the production of TNF-a, IL-6, IL-12p70, IL-18 and IL-8
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were assayed. Four concentrations of broccoli digesta were tested:

BD4 (3.9 g/L), BD3 (1.9 g/L), BD2 (0.97 g/L) and BD1 (0.49 g/L).

Significant differences were shown in TNF-a values with respect to

the control group in all the BD concentrations, especially marked

for BD4, BD3 and BD2 (Figure 7A), while IL-6 showed a significant

reduction with BD4 and BD2 treatments compared to control

(Figure 7B). Regarding IL-12p70, no significant differences were

found for any food digesta (Figure 7C), while IL-18 showed a

decrease with the lowest BD concentration (BD1), compared to the

control group (Figure 7D). IL-8 showed a significant reduction with

all the BD concentrations, particularly observed with the highest

concentration (BD4) (Figure 7E).
3.7 Quantification of cell lysis after
treatments by LDH assay

Quantification of cell lysis of intestinal epithelial cells after BD

treatments showed similar values to those from the control group

(stimulated with PMA but not treated with BD), obtaining a

significant reduction in LDH release on BD4 and BD2 groups

compared to control (Figure 8).
3.8 Analysis of ZO-1 expression on
intestinal epithelial cells following
broccoli digesta

ZO-1 protein from the tight junctions was significantly

increased on the intestinal epithelial cells by treatment with BD at

the lowest concentration (BD1) compared to the control group,

with no differences regarding the NF or 1 µM prednisolone

treatments and a slight increase for BD4 and BD2 groups (Figure 9).
4 Discussion

In this study we developed and tested a tri-culture in vitro

model of mild-inflammatory status, that included intestinal and

immune cells, and is aimed to study the pro-/anti-inflammatory

effects of in vitro digested foods. To that, three different cell lines

have been contemporary assembled to simulate the physical and

biochemical interactions naturally occurring in vivo between

enterocyte-like cells that constitute the intestinal barrier, mucus-

producing goblet-like cells and immune cells that trigger the

inflammatory response. Over the past years, the most common

gut cell model mimicking the intestinal barrier have been

characterized by the use of single intestinal epithelial cell lines as

Caco-2, mostly for particles toxicity analysis (20), drugs absorption

and metabolism studies (34). The system has been improved over

the years with the inclusion of an immune cell line, commonly

human or mice monocytes or macrophages cell lines, allowing to

simulate or evaluate several inflammatory processes (19, 21, 22).

The 3C strategy, even if technically challenging, allows to overcome

the simplistic issues derived from the single-cell or two-cells

approaches (35). Moreover, it includes a z-axis, enhancing
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performance and showing cost-benefits and overall efficiency

similar to 3D models, supporting the use of this model based on

specific experimental requirements (36, 37).

As a first step, the intestinal epithelial barrier has been

stablished by co-culturing the Caco-2 and HT29-MTX-E12 cells

on Transwell inserts for up to 21 days, and assessed every 7 days (7,

14, 21 days) prior to the 3C assembly. Even if Caco-2 monolayers

are a simple, cost-effective and rapid, reproducible tool to replicate

the intestinal epithelial barrier, their use alone may cause an

underestimation of some absorption processes, probably due to

the lack of variety in the cell population with important roles (38).

For instance, goblet cells – here represented by the HT29-MTX-E12

cell line – are the second most abundant population of cells in the

intestinal epithelium, responsible for the mucus secretion that

forms a layer covering the mucosal surface and acting as a
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physical barrier (39). Although Caco-2 and the mucus-producing

goblet-like cells HT29-MTX-E12 co-culture should overcome some

of the absorption problems associated, the main challenge described

is the leak, since the co-culture may exhibit lower TEER values

when increasing the HT29 cells proportion (40). To overcome this

issue, in this study a 9:1 ratio (Caco-2: HT29-MTX-E12) has been

used, simulating the proximal part of the intestine and ensuring a

proper barrier permeability and mucus production, as supported by

several researchers (41–46). Calculated TEER data were consistent

with previously published data (40, 47), demonstrating that cells

were correctly differentiated and the barrier was stable and intact.

To select the best inflammatory baseline conditions, the

induction of a mild-inflammatory status by using multiple

stressors at different concentrations has been attempted. A mild-

inflammation has been preferred, instead of a high-inflammatory
FIGURE 5

Dose-concentration of TNF-a (A) and IL-6 (B) following prednisolone and NF treatment. Graphs show the delta values of TNF-a and IL-6 for each
experimental group: CTRL; prednisolone 5 µM, prednisolone 1 µM, prednisolone 0.5 µM, prednisolone 0.25 µM; digesta no food (NF) at 100 µL per
mL. CTRL: PMA-stimulated THP-1; PMA, phorbol-12-myristate-13-acetate; N=3. **p<0.01, with respect to the CTRL group (one-way ANOVA,
Dunnett’s multiple comparisons test).
FIGURE 4

Concentration of TNF-a (A) and IL-6 (B) in the basolateral supernatant of the 3C model. Graphs show the delta values of TNF-a and IL-6 for each
experimental group: non-stimulated 3C, 3C stimulated with LPS (100 ng/mL) and 3C stimulated with PMA (100 nM). CTRL: non-stimulated THP-1;
PMA, phorbol-12-myristate-13-acetate; LPS, lipopolysaccharide. N=4. *p<0.05; **p<0.01, with respect to the CTRL group (one-way ANOVA,
Dunnett’s multiple comparisons test).
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status, to induce a cytokine response able to be potentially

modulated with the subsequent addition of food digesta thanks to

their bioactive compounds. A first screening performed directly on

THP-1 cells pointed out that 100 nM PMA stands out as the best

option to induce a mild inflammatory status, stimulating THP-1

cells versus a macrophage phenotype, enabling their attachment to

the surface and their shape modification, but without exceeding in

the immune response in terms of TNF-a and IL-6 production.

Then, the whole 3C model was assembled and stimulated both with

LPS and PMA, at the concentrations previously tested. Supported

by previous researchers (19, 48, 49), PMA addition to the

basolateral compartment of the model has been selected as the

best strategy to stimulate the immune cells and, in this specific

environment, the whole intestinal model. PMA has been used at the

concentration of 100 nM for 20 hours, inducing the release of a fair
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concentration of cytokines but reaching values in concordance with

a mild-inflamed intestine, without reaching values that correlate

with IBDs (50, 51), that may be reverted with a proper anti-

inflammatory drug or food digesta. In fact, prednisolone has been

used as an anti-inflammatory drug, frequently used for the

treatment of IBDs such as Crohn disease thanks to its potential to

normalize the intestinal permeability (52, 53). A glucocorticoid as

prednisolone has been preferred instead of a non-steroidal anti-

inflammatory drug due to their well-ascertained harmful effects on

intestinal and gastric epithelial integrity (54, 55).

The extent and rate of nutrients absorption within the

gastrointestinal tract, mainly by intestinal epithelial cells, depends

on the digestion of the macronutrients and the generated products,

with a considerable impact for the human physiological health (56).

A key aspect of this study is the testing of food digesta instead of
FIGURE 6

Cytokines production by the 3C model. Cytokines TNF-a (A), IL-6 (B), IL-1b (C), IFN-g (D), IL-12p70 (E), CCL20 (F), IL-23 (G), IL-8 (H), IL-18
(I) production and comparison with ad without PMA stimulation. Graphs show the absolute concentration values for each experimental group:
CTRL; prednisolone 5 µM, prednisolone 1 µM, prednisolone 0.5 µM, prednisolone 0.25 µM; digesta no food (NF) at 100 µL per mL. CTRL: non-
stimulated THP-1; PMA-CTRL: 3C model stimulated with 100 nM PMA; Pred1: prednisolone 1 µM; NF, no-food digesta. PMA, phorbol-12-myristate-
13-acetate. n=5 for TNF-a and IL-6; n=3 for the rest of the cytokines. *p<0.05, with respect to the CTRL group (one-way ANOVA, Dunnett’s
multiple comparisons test).
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classical food extracts, commonly used in vitro for food research.

Indeed, a great number of research articles in this field is based on

the study of a single component extracted (using water or organic

solvents) or diluted in a standard solution (usually a commercial

buffer) or even lyophilized, disregarding the rest of the potential

components in real food. For this reason, static and dynamic

INFOGEST digestion models (32) have acquired an increased

importance to study the gastrointestinal events related to the

assumption of several types of foods and beverages, including fish,
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meat, vegetables, cereals, dairy, and other protein and lipid sources

commonly consumed. Even though the complex dynamic processes

naturally occurring in vivo and the digestion variations among the

population groups (infants, adults, elderlies) are not exactly

reproducible in vitro, this method represents a relatively simple,

inexpensive and rapid tool to produce a digesta fluid mimicking the

real digestive sample facing the apical membrane of the gut bowel.

As a first analysis, the potential effects of the digesta solution with

no food but containing all the enzymes needed for the digesta
FIGURE 7

Cytokines shift following BD treatments. Graph shows the TNF-a (A), IL-6 (B), IL-12p70 (C), IL-18 (D) and IL-8 (E) shifts following BD treatments to
the PMA-stimulated 3C model. Results are expressed as cytokine shift with respect to the control group. Pred1: prednisolone 1µM; BD, broccoli
digesta; NF, digesta no-food; PMA, phorbol-12-myristate-13-acetate. n=5. *p<0.05, **p<0.01, with respect to the control group (ANOVA with
Geisser-Greenhouse correction and uncorrected Fisher’s LSD).
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process was tested on the model, finding no differences in terms of

TNF-a and IL-6 production.

To test the 3C model response to foods, and in particular the

pro-/anti-inflammatory potential of foods, a BD was selected.

Broccoli has been selected due to the benefits associated with its

consumption. Several clinical trials have been conducted to evaluate

its effects on human and other animals’ health (57–59), using either

broccoli sprouts, powder supplementations or seed extracts (60, 61).

Broccoli belongs to the cruciferous vegetables (CVs) of the

Brassicaceae family, which have been widely studied for their

anti-tumoral properties. Broccoli are a good source of vitamins,

as C, E and K, as well as of bioactive compounds, including, as
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soluble and insoluble fibers, quercetin and kaempferol glycosides of

flavonoids and a high content of glucosinolates, as glucoraphanin

(4-methylsulphinylbutyl glucosinolate) and glucobrassicin (3-

indolylmethyl glucosinolate). Among the hydrolysis byproducts

known as isothiocyanates (ITC) (62–64) sulforaphane (SFN, 1-

isothiocyanato-4-methylsulfinylbutane) stands out as the bioactive

responsible for the anti-tumorigenic and anti-oxidant properties

attributed to the CVs (60). SFN is a bioactive food component

notably abundant especially in young broccoli sprouts, able to cause

cell cycle arrest and apoptosis of cancer cells (65). Despite some

limitations in its formation due to myrosinase enzyme activity as

well as gut microbiota metabolism, in vivo studies have
FIGURE 8

Quantification of cell lysis. Graph shows the concentration of LDH released by the intestinal epithelial cells from the apical compartment, compared
to the control group. C+, positive control treated with 0.1% Triton x100; CTRL, control group; Pred1, prednisolone 1 µM; BD, broccoli digesta; NF,
digesta no-food. LDH is expressed as arbitrary units (AU) following optical density measurement by spectrophotometry. Data are represented as
Mean ± SD; n= 3 independent biological experiments; every independent experiment is the result of at least 4 technical replicates. *p<0.05;
**p<0.01, with respect to the CTRL group (ANOVA, Friedman test).
FIGURE 9

ZO-1 expression on the intestinal barrier. Graph shows the median fluorescence intensity of ZO-1 protein on the intestinal epithelial cells from each
experimental group, compared to the control group. MFI, median fluorescence intensity; AU, arbitrary units; CTRL, control group; Pred1,
prednisolone 1 µM; BD, broccoli digesta; NF, digesta no-food. Data are represented as Mean ± SD; n=3 independent experiments; *p<0.05 with
respect to the CTRL group (Welch’s ANOVA tests, Dunnett’s T3 multiple comparisons test).
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demonstrated how SFN reduces inflammatory markers and

attenuate lipid peroxidation and oxidative stress in patients

suffering from diabetes, improving fasting blood glucose levels

and stabilizing insulin response (60, 66). In vitro, SFN inactivates

the nuclear factor kb (NF-kB) (67), which in turn downregulates

the expression of pro-inflammatory cytokines production (68),

attenuating the inflammatory response. Moreover, a recent study

has shown that sulforaphane is able to change the growth of bacteria

found in the gastrointestinal microbiota, altering some metabolites

and producing anti-inflammatory molecules (69).

BD effects on the 3C have been evaluated in terms of cytotoxicity,

intestinal barrier permeability and cytokine production. Cytokine

analysis after BD treatments has confirmed the potential anti-

inflammatory effects attributed to broccoli sprouts by several

researchers (67, 68). In detail, BD strongly reduced the production

of TNF-a, IL-6 and IL-8 from THP-1 cells after 4 hours of digesta

treatment to the apical compartment of the system, in comparison

with the control group and obtaining similar results to prednisolone.

A reduction of pro-inflammatory cytokines has been described

previously by other Authors, finding a downregulation of the

release of TNF-a and IL-6 from LPS-stimulated human peripheral

blood mononuclear cells (70) after treatments with extracts from

broccoli sprouts, while Guo et al. found a reduction in IL-8

concentration after the treatment with an aqueous extract from

broccoli seed in patients suffering from atrophic gastritis (71).

Similar effects were described by Bessler and Djaldetti, attributing to

SFN the ability to exert a concentration-dependent inhibitory effect on

pro-inflammatory cytokines as TNF-a and IL-6 by PMBCs co-

cultured with colon carcinoma cells (72). Regarding IL-18, a

decreased concentration was found when treating with BD at the

lowest concentration. IL-18 is released by monocytes to enhance

intestinal inflammation upon NLRP3 inflammasome activation by

Toll-like receptor 2 (TLR2), activated in turn by high-fat diets (73). IL-

18 is implicated in several autoimmune diseases, as intestinal bowel

diseases; however, its role in health and diseases is still not clear, with a

growing number of studies supporting a protective role for IL-18 (74).

Through the last decades, individual factors as sex, age, body

mass index (BMI), physical activity, smoke and certain dietary

habits have been associated with the increase or decrease of specific

cytokines. Although with controversial results (75), dietary patterns

with high intakes of red meats, fried foods or processed ones have

been generally associated with an increase of pro-inflammatory

cytokines as TNF-a, IL-6 and IL-8, while diets rich in fruits and

vegetables, with a high content of micronutrients, fiber and other

bioactive components, i.e. polyphenols and glucosinolates, have

been mostly associated with a decrease of pro-inflammatory

cytokines and an increase of anti-inflammatory markers (76, 77).

As stated, BD treatments have been evaluated also in terms of

cytotoxicity. LDH quantification assay has been performed to

confirm the absence of toxicity for any of the concentrations

used, using an indirect assay that measures, in a rapid and not

expensive way, cell lysis without manipulating or damaging the cells

(78). As observed, BD do not alter cells viability even at the

higher concentrations.

Finally, to evaluate the barrier integrity and permeability after

broccoli digesta treatments, the tight junction scaffolding protein
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zonula occludens-1 (ZO-1) was analyzed by flow cytometry by

recovering the intestinal epithelial cells from the inserts after the

experiments on the whole 3C model. ZO-1 is a member of the tight

junctions system responsible for the cross-linking of its

transmembrane proteins (as claudin and occludin) with the actin

cytoskeleton (79). ZO-1 expression is downregulated in human and

experimental inflammatory bowel disease, compromising mucosal

repair and thus promoting disease progression (80). The results

obtained in this study show an increase in ZO-1 protein in cells

treated with the lowest BD concentration (BD1), highlighting the

importance of the dose to achieve a desirable effect and the need for

cellular markers to stablish an objective pro-/anti-inflammatory

role for food digesta.
5 Conclusions

A reliable and promising 3C model to evaluate the pro-anti/

inflammatory properties of digested foods after a process of in vitro

digestion, mimicking a mild-inflammatory status, has been

developed. Broccoli digesta was shown to modulate the release of

pro-inflammatory cytokines and the tight junctions of the intestinal

barrier by increasing the expression of the protein ZO-1. Although

further digested foods should be tested and several additional

cytokines may be investigated, the 3C model might be utilized for

screening a wide array of food digesta to characterize the pro/anti-

inflammatory effect of single foods, contributing to unravel the role

of diet in modulating chronic inflammation.
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as a potential therapeutic target in microbiota-gut-brain axis disorders:
encouraging results and emerging questions. Int J Mol Sci. (2023) 24:7548.
doi: 10.3390/IJMS24087548

80. Kuo WT, Zuo L, Odenwald MA, Madha S, Singh G, Gurniak CB, et al. The tight
junction protein ZO-1 is dispensable for barrier function but critical for effective
mucosal repair . Gastroenterology . (2021) 161:1924–39. doi : 10.1053/
J.GASTRO.2021.08.047
frontiersin.org

https://doi.org/10.1074/JBC.M104794200/ASSET/F291A24C-DA93-41A9-BF8D-43809A678B7E/MAIN.ASSETS/GR12.JPG
https://doi.org/10.1074/JBC.M104794200/ASSET/F291A24C-DA93-41A9-BF8D-43809A678B7E/MAIN.ASSETS/GR12.JPG
https://doi.org/10.1152/AJPLUNG.00170.2006/ASSET/IMAGES/LARGE/ZH50010647190005.JPEG
https://doi.org/10.1152/AJPLUNG.00170.2006/ASSET/IMAGES/LARGE/ZH50010647190005.JPEG
https://doi.org/10.1016/J.JFF.2023.105645
https://doi.org/10.1039/D0FO01387K
https://doi.org/10.1007/S10787-022-01030-X
https://doi.org/10.1080/09637486.2018.1439901
https://doi.org/10.3390/BIOM13060905
https://doi.org/10.3390/BIOM13060905
https://doi.org/10.3389/FIMMU.2013.00289/BIBTEX
https://doi.org/10.3389/FIMMU.2013.00289/BIBTEX
https://doi.org/10.3389/FNUT.2022.913176/FULL
https://doi.org/10.1093/AJCN/NQY082
https://doi.org/10.3390/ANTIOX10050708
https://doi.org/10.1371/JOURNAL.PONE.0026908
https://doi.org/10.1371/JOURNAL.PONE.0026908
https://doi.org/10.3390/IJMS24087548
https://doi.org/10.1053/J.GASTRO.2021.08.047
https://doi.org/10.1053/J.GASTRO.2021.08.047
https://doi.org/10.3389/fimmu.2025.1545261
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Nutrition 01 frontiersin.org

Beyond nutritional immunity: 
immune-stressing challenges 
basic paradigms of 
immunometabolism and 
immunology
Edmund K. LeGrand *

Biomedical and Diagnostic Sciences, College of Veterinary Medicine, University of Tennessee, 
Knoxville, TN, United States

Pathogens have the well-known advantage of rapid evolution due to short 
generation times and large populations. However, pathogens have the rarely 
noted disadvantage of the vulnerability to stress involved in proliferation as well 
as being localized. Presented here are numerous new paradigms in immunology, 
and especially immunometabolism, which are derived from examining how hosts 
capitalize on pathogen vulnerabilities to stress. Universally, proliferation requires 
both resources and synthesis, which are vulnerable to resource-limiting stress and 
damaging/noxious stress, respectively. Pathogens are particularly vulnerable to 
stress at the time when they are most threatening—when they are proliferating. 
Since immune cells actively controlling pathogens (effector cells) typically do 
not proliferate at infected sites, there is a “stress vulnerability gap” wherein 
proliferating pathogens are more vulnerable to any type of stress than are the 
attacking effector cells. Hosts actively stress vulnerable proliferating pathogens 
by restricting resources (resource-limiting stress) and generating noxious waste 
products (damaging/disruptive stress) in a fundamental defense here-in termed 
“immune-stressing.” While nutritional immunity emphasizes denying pathogens 
micronutrients, immune-stressing extends the concept to restricting all resources, 
especially glucose and oxygen, coupled with the generation of noxious metabolic 
products such as lactic acid, reactive oxygen species (ROS), and heat to further 
harm or stress the pathogens. At present much of the field of immunometabolism 
centers on how nutrition and metabolism regulate immune function, a central 
feature being the inefficient use of glucose via aerobic glycolysis (with much lactate/
lactic acid production) by effector immune cells. In contrast, immune-stressing 
emphasizes how the immune system uses nutrition and metabolism to control 
infections. Immune-stressing addresses effector cell glycolysis at the infected 
site by noting that the high uptake of glucose linked with high output of lactic 
acid is an ideal double-pronged stressor targeting proliferating pathogens. Once 
the basic vulnerability of pathogen proliferation is recognized, numerous other 
paradigms of immunometabolism, and immunology as a whole, are challenged.
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1 Introduction

This conceptual analysis explores the logical consequences of a 
fundamental principle, that the process of proliferation, requiring 
resources and synthesis, is vulnerable to stress from limitation of 
resources (nutrients, including oxygen) and from disruptive or 
damaging stress caused by noxious agents. In host-pathogen conflicts 
there are well-known advantages that pathogens have because of rapid 
proliferation and large population size permitting rapid evolution, 
most notably in antibiotic resistance, even within an individual host. 
However, only rarely noted are the pathogen disadvantages of 
generally being localized, hence safely permitting application of 
intense stress by the host, and of having to proliferate (1, 2). This 
neglect is puzzling since the logical consequences explored here 
provide crucial insights that challenge or provide numerous new 
paradigms of immunometabolism and even immunology. Table 1 lists 
12 such novel concepts. Most of the analysis will address 
immunometabolism and its foundations as they relate to the 
advantages of effector cells in direct conflict with pathogens, which are 
vulnerable due to their localization and proliferation.

Although there has long been interest in the broad intersection of 
nutrition and metabolism with immune responses, the term 
“immunometabolism” began being used only in the past decade (3, 4). 
Immunometabolism has come to emphasize that metabolic processes 
and the nutritional microenvironment regulate immune cells, 
especially effector cells whose function is to control pathogens (5–11). 
Pathogens can be  either extracellular (including tumor cells as 
endogenous pathogens) or intracellular. Infected host cells 
manipulated by their intracellular pathogens are themselves pathogens 
and are treated as such by the immune system. The pathogens 
considered in this conceptual analysis are those that proliferate at the 
infected (or tumor) site, notably bacteria, protozoa, fungi, viruses, and 
tumor cells. Specifically excluded are metazoan parasites not 
proliferating in the tissues where they may occur. Although the 
function of the immune system is to control pathogens, the field of 
immunometabolism generally fails to consider pathogens except as 
competitors of immune cells for nutrients. Nutrient-hungry pathogens 
are considered a problem since very low levels of resources or very 
high levels of metabolic wastes impair effector cells’ functionality. In 
other words, in the standard view the effector cells and pathogens are 
nearly equally matched in terms of resource depletion. However, here 
it is argued that overlooking the vulnerability of proliferation to stress 
by localized pathogens (2) has led the field of immunometabolism 
astray by focusing on metabolic control of immune responses rather 
than on the immune system’s core function of controlling pathogens.

A central theme of immunometabolism is effector cells’ enhanced 
use of glucose for ATP production through aerobic glycolysis (with 
high lactate production) rather than relying predominantly on 
mitochondrial OXPHOS. While long recognized for neutrophils (12, 
13) and monocyte-macrophages (M1 macrophages) (14), this 
glycolytic preference and high nutrient uptake, particularly of glucose 
and glutamine (15), has been found to extend to essentially all 
immune cells that are involved in directly controlling pathogens. 
Effector cells’ relative preference for glycolysis extends beyond 
neutrophils and M1 macrophages to include dendritic cells, effector T 
cells (cytotoxic and helper), natural killer cells, B lymphocytes (3), and 
even to platelets activated for clotting (16), which helps control 
pathogens (17, 18). This glycolytic preference, even in the presence of 

oxygen, occurs not only during cell proliferation and synthesis at 
distant low-stress sites, but also during activation for migrating toward 
and confronting the pathogens at infected sites. This confrontation 
with the pathogens is the phase of effector cell life history focused on 
in this conceptual analysis. The preference for glycolysis at infected 
sites is not intuitive since aerobic glycolysis generates only 2 ATPs per 
glucose molecule, while exporting most of the energy value of glucose 
as lactate/lactic acid, rather than generating the additional 36 ATPs 
theoretically possible from OXPHOS. Besides this apparent 
wastefulness of glucose, the large nutrient uptake by activated effector 
cells is often interpreted as indicating high nutrient needs for the 
apparently high costs of fighting pathogens (19, 20).

The interpretation of these and other experimental findings has 
become paradigmatic in immunometabolism. In contrast, this paper 
describes the host defense strategy of “immune-stressing”—actively 
making the infected site stressful to preferentially harm the more 
vulnerable proliferating pathogens. This strategy provides a simple 

TABLE 1  Paradigms derived from immune-stressing (i.e., stressing 
vulnerable localized proliferating pathogens by restricting resources and 
generating noxious waste products).

	1.	 Effector immune cells actively create much of the stressful conditions at infected 

sites. Since this preferentially harms the proliferating pathogens, creating this 

non-specific stress is one of the key functions of effector cells (2).

	2.	 Effector cells typically do not proliferate at infected sites because it is too 

stressful. Were they to proliferate there, they would lose their advantage of using 

stress to preferentially harm the pathogens (2).

	3.	 Nutritional immunity, the restriction of micronutrients to pathogens, is 

overshadowed by “extended” nutritional immunity, the restriction of all 

nutrients, including oxygen, to the pathogens (2).

	4.	 The restricted nutrients can be converted to noxious products, acting as 

damaging stressors to harm the more vulnerable pathogens (2).

	5.	 High uptake of glucose and glutamine by effector cells at infected sites does not 

reflect the functional needs of the cells, instead functioning to deprive 

pathogens of nutrients (2).

	6.	 The metabolic needs of effector cells when confronting pathogens cannot 

be determined by uptake of resources/nutrients or output of metabolic products 

(any more than the metabolic needs of adipose cells can be determined by 

measuring lipid uptake).

	7.	 The enhancement of glycolysis of effector cells not only depletes glucose, but 

also generates noxious acidity from lactic acid (2).

	8.	 Acetic acid, found in very high concentrations at infected sites (55), is likely 

another host-generated noxious stressor.

	9.	 Oxygen is actively depleted from infected sites and is converted to ROS as 

neutrophils move toward inflamed sites (56). (Oxygen depletion impairs 

pathogens’ ability to oxidize lipids, amino acids, lactate, and acetate for fuel).

	10.	Localized heat generated from the oxidative burst is likely to be the main 

source of heat stress applied to pathogens, with the systemic heat of fever a 

lesser contributor (2, 29).

	11.	The oxidative burst harms pathogens not only by ROS (a noxious product), but 

also by oxygen depletion (a resource) and local heat generation (a noxious 

product).

	12.	Immunometabolism should emphasize how the immune system uses 

metabolism to control pathogens, in addition to emphasizing how metabolism 

controls the immune system.
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and logical evolutionary-based alternative interpretation of many 
experimental findings, thereby challenging many of the standard 
principles of immunometabolism. Most notable are the need to 
consider the pathogen vulnerabilities to metabolic stress, to reconsider 
the function of aerobic glycolysis for effector cells confronting 
pathogens, and to recognize that the oxidative burst at the effector cell 
surface serves to harm pathogens by not only generating noxious 
reactive oxygen species (ROS), but also by depleting oxygen and by 
generating noxious localized heat, a long-ignored metabolic product.

2 Fundamentals of immune-stressing

Immune-stressing is an innate host defense strategy of applying 
stress (harm or possible harm), which preferentially affects 
proliferating pathogens more than the non-proliferating host cells (2). 
It is a fundamental principle relating to stress of any kind, and it has 
relevance beyond host-pathogen interactions to include cancer 
therapy, military strategy, international relations, finance, and more.

2.1 Universally, proliferation is especially 
vulnerable to stress

Proliferation requires resources, both for cellular components/
materials and for fuel/energy. Resource-limiting stress is typically of slow 
onset. Proliferation also requires synthesis, which entails the precise 
manipulation of materials, usually to make more complex structures. 
Synthesis is vulnerable to damage or disruption from noxious stressors, 
often of rapid onset. That proliferation requires resources is a simple 
arithmetic principle. That synthesis is especially vulnerable can be viewed 
as a variant of the second law of thermodynamics, that systems tend 
toward disorder. Consequently, it takes effort to create ordered structures 
and even more effort in the face of disruptive or damaging conditions.

The universality of the principle is exemplified in the building of 
a house (2). It requires a complete set of materials along with labor 
(energy), thus being subject to resource-limiting stress. The process of 
handling and assembling the building materials (synthesis) requires 
low stress (hence predictable) conditions. However, the wind stress of 
a hurricane makes it very difficult to handle the materials and to 
assemble them properly. Additionally, an unfinished house is 
especially prone to damaging wind gusts and water damage unless 
extra effort is taken to secure this intermediate structure. This 
fundamental vulnerability of proliferation to stress applies to cellular 
processes in both hosts and pathogens.

In terms applicable to infections, the proliferation of an infective 
inoculum of a thousand bacteria to become a million requires at least 
a 1,000-fold increase in resources. The 1,000-fold population increase 
also requires essentially this much proliferation over about 10 
generations (103 ≈ 210), each replication involving the delicate 
synthesis of precisely constructed molecules of nucleic acids and 
innumerable proteins and their highly choreographed interactions.

2.2 Infections start out localized

The localization of pathogens allows the host to apply much more 
intense stress than would be  safe to apply diffusely. Extreme 

localization within phagolysosomes allows for especially intense 
application of stressors such as ROS, severe pH changes, very low or 
high metal ion concentrations (21), and presumably heat (22, 23), each 
of which would be lethal to the host if applied systemically. Essentially 
the same stressors of less intensity occur extracellularly at the infected 
sites. Systemically, similar stressors of much lower intensity occur as 
part of the acute phase response (24), permitting distant host cells to 
participate in pathogen control by supporting the stress gradient as 
well as mildly increasing the stress levels for pathogens that escape 
localization (2).

2.3 Pathogens typically must proliferate to 
be pathogenic

In contrast to most pathogens (including tumor cells and infected 
cells producing pathogens), most host tissues have limited immediate 
needs for proliferation. Although effector cells are essential at infected 
sites, they proliferate at distant low-stress locations, notably bone 
marrow and lymphoid tissues. It is notable that M1 (monocyte-
derived) macrophages typically do not proliferate locally at infected 
sites, while M2 (tissue resident) macrophages involved in controlling 
metazoan parasites and promoting tissue repair do proliferate locally 
(25). It is argued that it is no coincidence that effector cells typically 
do not proliferate at infected sites because it is too stressful there, and 
that infected sites are stressful in part because (as proposed by 
immune-stressing) a function of effector cells is to actively create 
stress there (2).

2.4 The “stress vulnerability gap”

The “stress vulnerability gap” is the difference in relative 
vulnerability between local proliferating pathogens and the local host 
cells, particularly the effector cells. The host can capitalize on the stress 
vulnerability gap by increasing the localized stress, which can involve 
resource-limiting stress and/or damaging/noxious stress. Since much 
of the stress is actively host-induced as an immune function (2), it is 
not surprising that effector cells evolved to function best in somewhat 
stressful conditions, as noted for decreased oxygen (26), increased 
acidity (27, 28), and heat (29). Most cancer therapy is based on the 
increased vulnerability of proliferation to stress, while also taking 
advantage of localization of the tumor to permit applying more intense 
stress where feasible (with excision being the epitome of intense 
therapeutic stress).

As noted, metazoan parasites in tissues typically do not proliferate 
locally and thus are not subject to this stress vulnerability gap. 
Metazoan parasites are typically controlled with Type 2 immune 
responses, with eosinophils as specialized effector cells and with 
fibroblast proliferation and collagen synthesis. Especially interesting 
are the exceptions to the generalizations that (a) infections tend to 
start out localized, (b) that pathogens need to proliferate to cause 
disease, and (c) that most host cells have relatively limited need to 
proliferate at infected sites, since the exceptions often reveal evidence 
of the pathogen-host evolutionary arms race, as briefly addressed 
below. Indeed, many medically important infections involve 
exceptions to these generalizations where the host cannot take 
advantage of the stress vulnerability gap.
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2.5 Pathogens have defenses against stress

There are four universal strategies for responding to stress:

	(1)	 Ignore the stress. Assume the stress is inconsequential or will 
soon pass.

	(2)	 Actively oppose or neutralize the stress.
	(3)	 Reduce metabolism / go dormant until the stress passes.
	(4)	 Leave to seek less stressful conditions elsewhere.

	1)	 Immune-stressing, i.e., capitalizing on the stress vulnerability 
gap, is primarily aimed at pathogens using the first 
strategy—ignoring the stress and continuing with growth 
and synthesis as before. Immune-stressing is most effective 
against proliferating pathogens, which are the 
most dangerous.

	 2)	 The second strategic response is taken by many medically 
important pathogens, having evolved ways of actively opposing 
and neutralizing the stress. This stress-neutralization can 
involve utilizing different metabolic pathways or countering 
the potentially stressful host defenses such as resource 
restriction, ROS, acidity, or heat. Nevertheless, the pathogens’ 
necessity of actively opposing host-induced stress entails extra 
costs compared to not experiencing any stress at all.

	 3)	 The strategy of reducing metabolic activity is an effective 
defense against both resource-limiting stress and damaging/
noxious stress. Indeed, dormant pathogens are particularly 
difficult to eliminate, with bacterial spores and latent viruses 
being extreme examples.

	 4)	 The fourth response to stress is to seek less stressful conditions. 
This involves avoiding being localized or actively fleeing locally 
stressful conditions in search of better conditions for proliferation. 
The host defense strategy of immune-stressing recognizes that 
both the pathogens and the localized stressors will spread out 
unless contained. Containment involves not just keeping the 
pathogens from accessing new resources, but also confining the 
pathogens along with the stressful conditions. Containment of 
the stressful conditions also reduces self-harm to nearby tissues.

An additional pathogen defense against host-induced stress is to 
have a population with individuals predisposed toward each of the 
four responses to stress. Not only does this bet-hedging occur between 
individuals, but also within each individual there is likely some degree 
of bet-hedging in the predispositions among the four basic responses 
to stress, reflected in the relative degree of gene transcription relevant 
to each response. This array of strategies for responding to stress 
complicates pathogen control.

Pathogens may evolve to minimize the stress vulnerability gap by 
seeking to infect delicate or critical host organs too costly for the host 
to substantially self-stress (e.g., brain, heart, eyes, bone marrow). 
Pathogen evolution to infect non-localizable tissues such as blood 
would also minimize the stress vulnerability gap. An example of a host 
counter offense would be to try to localize the blood together with 
immune defenses, as occurs in the spleen. In turn, a pathogen counter 
defense to this would be to minimize passage of infected RBCs in the 
spleen, as by adhering to capillaries in the delicate and vital brain, a 
strategy used by Plasmodium falciparum in humans and Babesia bovis 
in cattle (30).

2.6 It is not always feasible or even possible 
to kill every pathogen

As noted, it is relatively easy to kill localized, vulnerable proliferating 
pathogens that ignore the host-induced stress. Thus, immune-stressing 
can promptly help reduce the immediate threat. However, resistant 
pathogens that take the strategies of dormancy and/or actively opposing 
the stress may lead to chronic infection. This detente with 
non-proliferating pathogens entails the long-term costs of vigilance, 
including chronic inflammation, as well as the risk of recrudescence.

Because of the harm of inflammation (self-stressing), it should 
be expected that immune responses would be finely tuned to recognize 
when to shift from inflammation to the low-stress conditions 
conducive to repair that involve host cell proliferation and matrix 
synthesis. The value of this fine-tuning is reflected in the immunology 
literature, where nearly as much attention is given to anti-
inflammatory immune suppression to prevent self-harm as is given to 
pro-inflammatory pathogen control. Indeed, much of the current 
focus of immunometabolism centers on limiting immune responses 
via metabolic regulation of effector function.

3 Beyond nutritional immunity

Nutritional immunity is the well-accepted host defense that 
restricts access of pathogens to critical metal ions, primarily iron, zinc, 
and manganese, presumably by compartmentalization of the 
pathogens and/or the nutrients (21, 31, 32). This restriction occurs 
most intensely at the phagolysosome, but it even occurs systemically 
as part of the acute-phase response. Some researchers have extended 
this concept of nutritional stressing to include restriction of certain 
amino acids, notably arginine (33, 34), tryptophan (3, 35, 36), and of 
deoxynucleotide triphosphates for making DNA, as well as glucose for 
energy (36). The host can also direct toxic concentrations of the same 
metal ions against pathogens (21, 36, 37), perhaps by suddenly 
dumping toxic amounts on especially susceptible nutrient-deprived 
pathogens. At present, nutritional immunity seems to be a side branch 
of immunometabolism that is outside of the paradigms built around 
metabolic regulation of immune cell function.

Immune-stressing is the extension of nutritional immunity taken 
to its logical conclusion (Figure 1). All resources needed by pathogens, 
especially glucose and oxygen, should be  restricted. Additionally, 
where feasible, those resources should be converted to noxious or 
damaging stressors. For glucose the main noxious stressor is lactic 
acid (38–41), while the noxious “waste” products of oxygen are ROS 
and heat. Once one recognizes the utility of stress preferentially 
applied to the pathogens, many of the conundrums in 
immunometabolism vanish. Therein, immune-stressing 
(encompassing and extending nutritional immunity) becomes the 
main trunk of immunometabolism, and metabolism’s key role in 
effector cell-pathogen interactions can be  seen as controlling 
pathogens rather than controlling the immune response.

4 Caveats on activation phases

Immune-stressing as a strategy depends on effector cells’ own 
stress-vulnerable activities of proliferation and post-proliferative 
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synthesis being completed prior to confronting the proliferating 
pathogens. Only simple priming (e.g., loading the weapon, rather than 
making the weapon) should be needed (42). Notable is that phagocyte 
NADPH oxidase has pre-synthesized components for generating ROS 
via the oxidative/respiratory burst that are kept separate until 
needed (43).

However, in much of the immunometabolism literature the 
distinction between activation for proliferation versus activation for 
effector function has not been made, such as with the assertions of 
high nutritional needs of effector cells for proliferation, synthesis, and 
effector function. This overlooks the basic vulnerability of 
proliferation. Another reason for the failure to make the distinction 
between effector cells’ proliferation (including post-proliferative 
synthesis) versus effector function is that both phases use enhanced 
or relatively increased aerobic glycolysis over OXPHOS and do 
indeed take up large amounts of resources. However, immune-
stressing does not address the Warburg effect, the preferential use of 
aerobic glycolysis by rapidly proliferating cancer and effector cells, 
since the potential functions of aerobic glycolysis during proliferation 
(44–48) versus aerobic glycolysis while attacking pathogens are 
completely different. Immune-stressing applies to and emphasizes 
non-proliferating effector cells taking in large amounts of resources 
to keep them from the pathogens and converting resources to noxious 
waste, as occurs with glycolysis. The use of “Warburg” or “Warburg-
like” for the glycolysis of effector cells confronting pathogens only 
adds to the confusion, as does the unqualified use of “effector 
cell activation.”

5 Specific resources and metabolic 
products

Immune-stressing potentially applies to all resources needed by 
pathogens as well as to all non-specific stressors generated by effector 
cells. These resources are virtually identical for host cells and 
pathogens, and currently a major theme in immunometabolism is that 
pathogens harm effector cells by competing for the same resources. 
Resources can be materials for cellular components (micronutrients, 
such as metal ions and vitamins, and macronutrients), or resources 
can be fuels for energy, such as macronutrients and oxygen. Table 2 
lists potential resources and related noxious products and how they 
may play a role in immune-stressing. In this section special attention 
is given to glucose, glutamine, and oxygen as resources, and to lactic 
acid, ROS, heat, and acetate as stressful metabolic products.

5.1 Glucose, glutamine and lactic acid

Glucose is the primary nutrient source for energy, and it has a 
central role in biosynthesis. Glutamine can also be  an important 
energy source and plays a key role in nitrogen metabolism. The high 
rates of glycolysis and glutaminolysis by effector cells activated to 
attack pathogens present a conundrum, as stated by Curi, et al. (15):

“The lymphocytes under study are not rapidly dividing, but possess 
the potential for cell division, the macrophages are terminally 

FIGURE 1

Nutritional immunity versus immune-stressing. Nutritional immunity (top portions) restricts micronutrients from pathogens. Immune-stressing (bottom 
portions) restricts all resources, including oxygen, and converts them to noxious metabolic products to further stress the pathogens. Arrows indicate 
the host-induced flow of resources and/or metabolic products to impair the pathogens. Arrow width and background shading intensity denote the 
relative degree of stress applied to the pathogens. Note that the more localized the pathogens (e.g., in the phagolysosomes) the more intense the 
stress that the host can safely apply.
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differentiated, and the neutrophils have a lifespan of approximately 
10 h. Hence any hypothesis must explain high rates of fuel utilization 
in cells with widely different characteristics.”

The explanation for the nutritional inefficiency that was developed 
by these authors was termed “branched-point sensitivity”—having 
large amounts of glucose and glutamine and their intermediates 
priming the numerous metabolic pathways to be ready for a sudden 
(i.e., unforeseen) metabolic response (49). More recent explanations 
for the high uptake of nutrients upon activation to confront pathogens 
are simply that the high costs are evidence that confronting pathogens 
must be metabolically costly. Glucose use via glycolysis, despite its 
inefficiency and wastefulness, is often considered preferential to 
OXPHOS because glycolysis produces ATP much faster than does 
OXPHOS (3, 45). These explanations presuppose that the metabolic 
needs of effector cells carrying out their sole function of controlling 
pathogens are unexpected and sudden. It has been noted that ATP 
production via glycolysis requires less cellular machinery than reliance 
on OXPHOS and hence is actually efficient if there is an abundance of 
glucose (45)—definitely not the case at infected sites. Others have 
proposed that glycolysis spares oxygen for use in generating 
antimicrobial ROS in the oxidative burst (50), a point to 
be addressed subsequently.

In sharp contrast, immune-stressing notes that effector cells use 
aerobic glycolysis because: (1) it is actively wasteful (~18x more wasteful 
than OXPHOS) to deprive proliferating pathogens of glucose, and (2) 

the lactate/lactic acid generated is a noxious waste product causing 
damaging stress (38–41), particularly to the more vulnerable pathogens. 
Note that the substantial energy value of lactate/lactic acid is not lost to 
the host since distant well-oxygenated tissues can use it for fuel. Speed 
of ATP generation is not important since the effector cells are not 
suddenly surprised by having to attack pathogens—that is their 
function. If energy were so critical, their OXPHOS pathways would 
presumably also have been well developed. Instead, evidence suggests 
that confronting pathogens is much less energetically costly than is 
typically assumed. It has been calculated that remarkably little energy is 
needed for cell motility (51), as would be needed for migrating toward 
pathogens. Furthermore, studies evaluating neutrophil energetics failed 
to find substantial increases in glucose uptake or lactate production 
immediately before or during phagocytosis, with researchers concluding 
that “it seems safe to conclude that the rate of formation of ATP from 
carbohydrates is not increased during phagocytosis (13).”

While the large amounts of glucose taken in by effector cells 
confronting pathogens are converted to and released as noxious lactate/
lactic acid, the large amounts of glutamine taken up apparently in excess 
of their needs are converted to glutamate, aspartate, alanine, and lactate 
(15, 49). Besides “branched-point sensitivity” (52), other explanations 
for high glutamine uptake are based on the importance of maintaining 
the Krebs cycle for biosynthesis (though irrelevant at the infected site) 
and immune signaling (53, 54) and for generating noxious nitric oxide 
via arginine synthesis (3). In contrast, immune-stressing proposes that 
high glutamine uptake by effector cells actively depletes a major nutrient 
for pathogens, and also that the metabolic products should be put to 
good use. Conversion of glutamine (having two nitrogen atoms) to 
other amino acids yields ammonia. If used effectively for host-defense, 
speculatively the alkaline ammonia could protect effector cells from 
their own acids, and/or it could be very locally directed against the 
pathogens which are likely vulnerably primed to defend against acidosis.

5.2 Oxygen

With immunometabolism’s emphasis on high glucose usage via 
glycolysis by effector cells at infected sites, oxygen takes on a relatively 
minor role. Of course, oxygen is well recognized to be needed in the 
oxidative (or respiratory) burst by neutrophils and M1 macrophages 
to generate ROS to help kill pathogens. The oxidative burst serves not 
only to generate toxic ROS as a pathogen-damaging stressor, but it 
also depletes oxygen, thus serving as a resource-restricting stressor. 
Oxygen depletion at infected sites means that pathogens’ energy needs 
are mostly limited to glycolysis and fermentation, thus impairing their 
use of lactate, acetate (55), lipids, and amino acids for energy. An 
experimental finding strongly supporting immune-stressing as a 
strategy is that neutrophils (having few mitochondria) actively deplete 
oxygen from the tissues as they migrate toward the infected site (56). 
This, plus the finding that this oxygen is converted to noxious ROS, 
fits exactly with the predictions of immune-stressing—resource 
depletion coupled with noxious waste generation.

5.3 Heat

Immune-stressing proposes that resources to be  kept from 
pathogens, such as oxygen and oxidizable fuels, should be converted 

TABLE 2  Resources as cellular components and fuels and their potentially 
noxious products.

Resources: cellular 
components

Potentially noxious 
products

Metal ions (e.g., Fe, Zn, Mn) High concentrations can be toxic

Other minerals1 ?

Vitamins1 ?

Carbohydrates (esp. glucose) Acids (lactic2, likely acetic2)

Amino acids ? (Ammonia?)

  Glutamine Ammonia?

  Arginine Nitric oxide

  Tryptophan Picolinic acid

Lipids Antimicrobial lipids2? Acetic acid2?

Nucleic acids ?

Resources: fuels/energy Potentially noxious 
products

Oxygen ROS, heat

Carbohydrates (esp. glucose) Acids (lactic2, likely acetic2)

Amino acids2 ? (Ammonia?)

  Glutamine Ammonia?

  Arginine Nitric oxide

  Tryptophan Picolinic acid

Lipids2 Antimicrobial lipids2? Acetic acid2?

1Not known to be specifically withheld from pathogens.
2Restricted use as fuel without oxygen.
See text for discussion and references.
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to noxious or disruptive stressors, such as heat. Heat is the ignored 
metabolic product in immunometabolism, although the heat of fever 
is important in immunology. It noteworthy that fever is a systemic 
host-induced defense involving the slight core temperature increase 
of 1-4°C (38–41°C from 37°C in humans) (57). However, lethal 
temperatures for mammalian cells, and presumably most pathogens 
that infect them, are around 45°C given enough time, with even a 
single degree or two above this greatly increasing the kill rate (58). Of 
course, a key point of this conceptual analysis is that the synthesis 
involved in proliferation is particularly susceptible to damaging 
stressors such as heat. As suggested in the section on pathogen 
defenses against immune-stressing, dormant pathogens and/or those 
opposing heat stress via the heat shock response should be much more 
heat-tolerant.

Fever, like all systemic stressors of the acute phase response, must 
necessarily be only mildly stressful compared to the more intense stress 
that can be safely applied locally at the infected site, and especially 
ultra-locally within the phagolysosome (Figure 1) (2). Strangely, the 
benefits and sources of intense localized heat have only rarely been 
considered (2, 29). Since substantial heat is generated by the oxidative 
burst via phagocyte NADPH oxidase (22, 23), it has been argued that 
the systemic heat of fever functions to raise the ambient temperature 
to aid this intensely localized heat produced at the surface of pathogens 
(29). While these temperatures have never been measured, substantial 
highly localized heat is also generated in OXPHOS, with mitochondrial 
temperatures of 50°C detected using heat-sensitive dyes (59). Recent 
work has confirmed that mitochondrial temperatures are adapted to 
be as much as 15°C higher than core body temperatures (60), meaning 
that much higher temperatures than previously recognized can 
be locally generated by oxidation. Interestingly, mitochondria have 
been shown to be recruited to macrophage phagosomes to help kill 
bacteria by augmenting ROS generation (61), though the associated 
heat was not mentioned (or considered?).

Heat as a damaging/noxious stressor can be synergistic with other 
damaging stressors such as acidity and ROS (62) as well as with iron 
restriction (63). The standard view of the oxidative burst is that the 
entire antimicrobial effect comes from ROS, ignoring not only oxygen 
depletion but also the extremely localized heat generation. The 
oxidative burst also releases arachidonic acid, which causes lipid 
peroxidative damage to bacteria (64), whose effects are likely enhanced 
by synergy with this heat.

5.4 Acetate/acetic acid

It was recently found that infections and inflammatory conditions 
can increase acetate concentrations 5x above normal (1 mM) in the 
blood (65) and 100x above normal at inflamed foci (55). The rising 
local acetate levels were found to help control infections early on by 
stimulating effector lymphocyte function, while later the high acetate 
concentrations became immunosuppressive. The authors described 
specific mechanisms by which acetate functions as a context-sensitive 
metabolite to control infection and also to limit inflammatory damage 
(55). The source of the acetate was not determined.

In immune-stressing this important finding of acetate abundance 
at inflamed sites is readily interpreted as a noxious metabolic product, 
comparable to and complementary with lactic acid. Such high local 
acetate/acetic acid concentrations (100 mM) can be inhibitory or lethal 

to bacteria (66, 67). Growth inhibitory activity of acetate against 
Pseudomonas was found to be synergistic with low pH, with substantial 
inhibition at 20 mM at pH 6 (68). Acetate at 12.5 mM for 24 h killed 
half of the neoplastic thymocytes tested, while lacking apparent 
cytotoxicity in normal thymocytes (69) (which presumably were not 
actively proliferating). Like lactate/lactic acid, acetate’s toxicity is due to 
its high local concentration; and its use for energy at infected sites is 
likely limited by local hypoxia, while still being readily usable as fuel by 
distant host cells. The 5x increase in blood acetate levels is in line with 
other systemic stresses of the acute phase response—they are necessarily 
much milder than the local stresses, but they enhance the gradient of 
the stress in addition to making conditions somewhat less favorable for 
the proliferation of pathogens which have escaped the intense local 
stresses (2). The enhanced effector cell functionality of slightly increased 
acetate concentrations (55) parallels that of other stressful metabolic 
conditions such as slight hypoxia, acidity, and even heat, where it is 
reasonable that effector cells evolved to function best in their expected 
working conditions, the somewhat stressful conditions that they 
themselves have created (29). It will be interesting to determine the 
metabolic sources of the high acetate concentrations at inflamed sites 
and the cells responsible (presumably the effector cells themselves).

6 Glycogen storage

6.1 A test of paradigms

Given the importance of glucose at infected sites, it is not 
surprising that effector cells store glucose as glycogen and bring it with 
them as they attack the pathogens (70–72). However, the standard 
paradigm of immunometabolism differs from immune-stressing in a 
testable prediction. The standard paradigm notes that glucose is so 
important for effector cells’ function that they should store as much 
glucose (as glycogen) as practical and carry it with them to the 
infected site (73). Although not stated, the implication is that effector 
cells should fill up with glycogen while still in the blood where glucose 
is plentiful, rather than relying on taking up diminishing amounts of 
glucose upon approaching the infected site.

Immune-stressing, as a strategy, emphasizes that glucose is 
especially important for the proliferating pathogens, but only 
somewhat important to the non-proliferating effector immune cells’ 
metabolic needs. Therefore, the effector cells should deplete as much 
glucose from the tissues as practical and store it away as glycogen. This 
extra glucose brought into the infected site, which tends to be used last 
(13), can also be converted later to additional lactic acid as noxious 
waste to further stress the pathogens. Importantly, the effector cells 
should not fill up with stored glucose (glycogen) while in the blood. 
Rather, they should vigorously take up glucose as they migrate to the 
infected site to create a zone of locally increasing stress to harm the 
more vulnerable pathogens. This means that while late arriving 
effector cells may not become replete with glycogen, they will still 
be helping deplete the glucose that the pathogens especially need.

6.2 Experimental results

It has been shown that effector cells, most notably neutrophils, 
take up glucose for storage as glycogen predominantly after they leave 
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the blood and are migrating to the infected site (70–72). This finding 
is counter to that implied by the standard paradigm, but it is in line 
with immune-stressing which proposes that glycogen storage in route 
to the infected site allows for even greater stress (less glucose and more 
lactic acid) to be directed against the pathogens.

7 Metabolism and immunosuppression

Effector cells lose functionality when exposed to especially 
stressful conditions, primarily low glucose (74), but also other nutrient 
deficiencies and extreme hypoxia (56, 75) and acidity (76). In these 
very stressful conditions, immunosuppression with reliance on 
OXPHOS takes over and leads to tissue repair. Bacterial fermentation 
products such as short chain fatty acids, as would develop in stressful 
oxygen-depleted sites, can also be immunosuppressive (77, 78).

Resource depletion and waste buildup at infected sites are typically 
viewed in immunometabolism (and immunology in general) as the 
expected byproduct of the struggle for resources between immune 
cells and pathogens. In this view it is the vulnerability of effector cells 
to increasing stress that largely allows metabolism to regulate or 
control effector cell responses. In contrast, immune-stressing considers 
this stressful environment not as a simple byproduct of the metabolism 
of conflicting pathogens and host cells, but as an active host defense to 
preferentially harm the more vulnerable proliferating pathogens. The 
increasing stresses at infected sites are seen as cues to induce the switch 
from damaging pro-inflammatory conditions to anti-inflammatory 
and tissue repair conditions, either because the pathogens have been 
controlled or because they must be tolerated as a chronic infection.

A major concern in immunometabolism is that the 
microenvironment around many cancers is immunosuppressive due 
to the tumor cells outcompeting effector cells for resources and 
accumulation of noxious wastes. Not only are effector cells functionally 
impaired, but the surrounding immune cells are immunosuppressive 
and may actively promote tumor growth (9, 73, 74, 79–81). The 
inability of effector cells to control these tumors has been considered 
an immune dysregulation, and much of the emphasis in 
immunometabolism is directed at correcting this metabolic 
dysfunction (79, 82).

An alternative interpretation presented here is that a large enough 
assemblage of tumor cells, having already evaded immune control, can 
create stressful enough local conditions that effector cells misinterpret 
the situation as needing more immune suppression. A similar 
condition likely occurs with several infectious diseases such as 
cryptococcosis and lepromatous leprosy (83, 84), where early immune 
evasion or underlying immunosuppression allows accumulation of a 
large pathogen mass (the organisms themselves or infected 
macrophages), which then can cause metabolically stressful conditions 
that enhance the immunosuppression. Rather than being seen as 
immune dysregulation or dysfunction, this metabolic stress that 
enhances prior immune evasion can be seen as a pathogen subversion 
of the typically effective strategy of immune-stressing.

8 Discussion

The concept of immune-stressing offers a simple, yet powerful, 
explanation for almost any puzzle involving the depletion of nutrients 

at infected sites, as well as for the metabolism of those nutrients into 
noxious products to be directed against the more vulnerable localized 
proliferating pathogens. Not only does immune-stressing apply to the 
central conundrums of effector cells’ high glucose and glutamine 
uptake and inefficient glucose use via aerobic glycolysis with lactic 
acid production while in conflict with pathogens, but it emphasizes the 
value of oxygen depletion and the use of localized heat as host 
defenses. Immune-stressing thereby greatly expands the protective 
value of the oxidative burst beyond simply ROS production. Immune-
stressing is compatible with the finding of neutrophil secretory 
granules having glutaminase (85) and arginase I, which likely act to 
deplete the phagolysosomes of these amino acids to stress the 
pathogens (33, 34). Arginine can also be depleted to produce toxic 
nitric oxide, and tryptophan is well known to be depleted by effector 
cells (3). Picolinic acid, a secondary metabolite of tryptophan, has 
antimicrobial activity (86). Lipid metabolism by effector cells at 
infected sites should also be reconsidered in light of immune-stressing. 
For example, there is high uptake of lipid by neutrophils moving from 
the blood toward infected sites (70), and there is prominent synthesis 
of fatty acids from citrate stored in LPS-stimulated macrophages and 
other effector cells (3). Immune-stressing would interpret these 
findings as attempts to remove nutrients from the pathogens, and 
where feasible to convert them to toxic byproducts such as 
antimicrobial lipids (87, 88) or acetate, whose metabolic source at 
inflamed sites is yet undetermined (55).

While the potential scope of immunometabolism is vast, covering 
all interactions of nutrition, metabolism, and immunology from the 
systemic to the subcellular levels, unfortunately immunometabolism 
as a distinct term became applied much more narrowly to the 
metabolism of immune cells. Surprisingly, the immune system’s use of 
metabolism for control of pathogens is seldom mentioned (2, 36). 
Since the basic function of the immune system is to control pathogens, 
it is proposed that effector cells evolved to account for not only their 
own metabolic needs, but especially the metabolic needs of the even 
more vulnerable proliferating pathogens. For most non-storage cells 
it would seem obvious that high nutrient uptake reflects high 
metabolic needs and therefore these needs must be  nutritionally 
costly. However, this is not true for effector cells actively confronting 
pathogens because of the genetic conflict with the pathogens. In 
immune-stressing the high nutrient uptake is to deprive the pathogens 
and to subject them to the noxious “waste” products. Understanding 
the acute phase response and its myriad systemic metabolic changes 
during infections (e.g., metal ion restriction, heat/fever, anorexia) 
requires recognition of the pathogens’ vulnerability to these metabolic 
changes (2). Likewise at the cellular level, the pathogens’ metabolic 
needs must be considered to understand the metabolism of the local 
immune response. It is argued that the current narrow field of 
immunometabolism has been led astray by emphasizing control of 
immune responses rather than the basic function of the immune 
system in controlling pathogens. By ignoring the vulnerability of 
pathogen proliferation to stress, the use of glycolysis and the high 
uptake of glucose and glutamine by effector cells has been 
misinterpreted. In contrast, the immune-stressing concept emphasizes 
that proliferating pathogens that are localized are especially vulnerable 
to even completely non-specific stress. Recognition of this auxiliary 
function of effector cells to apply stress to pathogens has profound 
implications, many of which suggest new paradigms for interpreting 
metabolic findings relating to effector immune function. It is proposed 
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that immunometabolism should be the study of how the immune 
system uses nutrition and metabolism to help control pathogens and 
to help assess metabolic cues for guiding the appropriateness of 
the response.

This conceptual analysis emphasizing how immune cells use 
metabolism to control pathogens leads to numerous research 
questions, some of which would never have been considered 
worthwhile or even recognized for addressing. For instance, what 
other resources (particularly micro- and macronutrients beyond those 
addressed earlier) are also actively restricted by the infected host? 
More interestingly, how can each of the restricted resources 
be  converted to damaging/noxious stressors to harm the more 
vulnerable pathogens? Specifically, is the ammonia derived from 
glutaminolysis put to good use by effector immune cells to capitalize 
on the stress vulnerability gap, and if so, how? Which cells are 
responsible for the noxious concentrations of acetate/acetic acid at 
infected sites; which nutrients are metabolized to the acetate/acetic 
acid; and are the relative concentrations of lactate/lactic acid and 
acetate/acetic acid at infected sites adjusted by the effector cells to 
maximize the stress vulnerability gap? Are the lipids and lipid 
precursors which are actively taken up by effector cells that approach 
infected sites metabolized to create noxious waste (e.g., acetic acid, 
antimicrobial lipids)? What degree of hypoxia is needed at infected 
sites to effectively bar pathogens from oxidizing nutrients for energy 
(e.g., lactate, acetate, lipids, and amino acids)? A glaring need is to 
determine the actual temperatures to which pathogens are exposed, 
particularly the surface of phagocytized pathogens exposed to the 
oxidative burst. Exactly how hot is it directly at the site of ROS 
generation, recognizing that the surface of a furnace is markedly 
hotter than the house it is heating? And what are the actual nutrient 
needs and energy costs of effector immune cells as they confront 
pathogens, recognizing that their resource uptake at infected sites is 
not a reliable indicator of their own metabolic needs?

Exploration of the vulnerabilities of pathogens to localization and 
proliferation, contrasting with their well-recognized advantages of 
rapid evolution, challenges or creates numerous basic paradigms of 

immunometabolism and even immunology. New paradigms lead to 
new insights and generate questions and findings never even 
imagined. So it is with immune-stressing.
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Portugal

REVIEWED BY

Liyun He,
Sun Yat-sen University Cancer Center
(SYSUCC), China
Ziying Wu,
Central South University, China

*CORRESPONDENCE

Yanchun Ding

yanchunding0880@163.com

Xia Li

lixia416@163.com

†These authors have contributed equally to
this work

RECEIVED 16 October 2024
ACCEPTED 11 February 2025

PUBLISHED 28 February 2025

CITATION

Ma R, Zhang C, Liu J, Ren J, Huang H,
Wang G, Ding Y and Li X (2025) Associations
of magnesium depletion score with the
incidence and mortality of osteoarthritis:
a nationwide study.
Front. Immunol. 16:1512293.
doi: 10.3389/fimmu.2025.1512293

COPYRIGHT

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

TYPE Original Research

PUBLISHED 28 February 2025

DOI 10.3389/fimmu.2025.1512293
Associations of magnesium
depletion score with the
incidence and mortality of
osteoarthritis: a nationwide study
Ruicong Ma1†, Cheng Zhang2†, Jiaqing Liu2, Jinyi Ren2,
Huina Huang2, Guan Wang2, Yanchun Ding1* and Xia Li2*

1Department of Cardiology, The Second Hospital of Dalian Medical University, Dalian, Liaoning, China,
2Department of Immunology, College of Basic Medical Science, Dalian Medical University, Dalian,
Liaoning, China
Background:Magnesium is an essential immune nutrient for the body, and recent

studies have found that it plays an important role in osteoarthritis (OA). Magnesium

depletion score(MDS) is a new method for evaluating the magnesium status of the

body. Our objective is to explore the association between MDS and the incidence

of OA, as well as the relationship between MDS and mortality in patients with OA.

Methods: Eligible participants were obtained from NHANES from 2005 to 2018.

Logistic regressionmodels were employed to evaluate the link betweenMDS and

the incidence of OA. Cox regression models were employed to evaluate the link

between MDS and mortality among OA patients. In addition, restricted cubic

spline was utilized to explore the correlation between MDS and the incidence of

OA, as well as the relationship between MDS and mortality in patients with OA.

Subgroup analysis were adopted in order to ensure the credibility of the results in

different subgroups, including age, gender, race, education level, BMI, smoking,

diabetes and hypertension.

Results: 19,394 individuals qualified for analysis, including 3,256 OA patients.

After excluding missing follow-up data, 630 all-cause deaths and 172

cardiovascular deaths (CVDs) were observed in 3,250 OA patients. The

individuals with OA had higher levels of MDS. In the logistic regression model,

MDS was positively related to OA (MDS≥3 vs. MDS=0, OR =1.83 (1.46-2.30,

P<0.001)). Besides, a positive association was observed between MDS and all-

cause mortality [MDS≥3 vs. MDS=0, HR =2.56 (1.49-4.41, P<0.001)] and CVDs

[MDS≥3 vs. MDS=0, HR =3.00 (1.13-7.98, P=0.01)] in cox regression models. In

addition, a 1-unit rise in MDS was significantly linked to an increased risk of

mortality. Restricted cubic spline indicated a positive relationship between MDS

and incidence and mortality of OA. Subgroup analysis demonstrated that the

results are stable in different subgroups.
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Conclusions:MDS is positively correlated with the incidence andmortality of OA.

Optimizing the nutritional status of magnesium may bring benefits to

OA patients.
KEYWORDS

osteoarthritis, NHANES, magnesium depletion score, all-cause mortality,
cardiovascular mortality
Introduction

Osteoarthritis(OA) is a degenerative condition of the joints

marked by stiffness, pain, and deformities (1). OA is particularly

prevalent among middle-aged and elderly populations, affecting

approximately 595 million people worldwide (2). OA affects about

14% of American adults. In addition, it is the second leading cause

of labor loss, second only to cardiovascular disease. OA causes

medical expenses and other economic losses of up to about $125

billion annually (3). Patients with OA might face an increased risk

of mortality in comparison to the overall population (4–6).

Although the prevention and surgical treatment measures have

been effectively implemented, the incidence and mortality of OA are

still difficult to control.

Recently, some studies have found that mineral elements are

crucial in the development of OA (7, 8). Magnesium is one of the

most important and abundant trace elements in cells. It is an

auxiliary factor in enzymatic reactions (9). Furthermore, many

metabolic reactions in the human body, including the production

of ATP and the maintenance of normal mitochondrial function,

rely on the participation of magnesium (10). Magnesium

supplementation can reduce joint cartilage damage, apoptosis,

and promote chondrocyte generation (11, 12). Moreover,

administering intra-articular magnesium injections can help

reduce pain in both OA rats and patients (13, 14). Therefore,

magnesium plays an important role in OA.The National

Institutes of Health (NIH) in the United States pointed out that

assessing magnesium levels in the body is very difficult due to the

fact that most magnesium remains in tissues or cells. The detection

of serum magnesium in clinical practice is not accurate (15). Due to

the lack of an effective method for evaluating the magnesium status

of the body at present, the significance of magnesium deficiency in

OA has been largely neglected.

The magnesium depletion score (MDS) serves as an effective

instrument for evaluating the body’s magnesium levels. An increase

in MDS indicates severe magnesium deficiency in the individual.

Fan et al. found that MDS has greater value in evaluating the

magnesium status of the body compared with serum magnesium.

Furthermore, high MDS may indicate an inflammatory state which

is linked to increased long-term mortality in individuals (16). In

addition, other studies also revealed that an elevation in MDS is

related to an increased risk of abdominal aortic calcification,

cardiovascular disease and diabetes retinopathy (17–19).
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Nonetheless, the relationship between MDS and the incidence

and mortality of OA remains ambiguous. Therefore, our objective

is to explore the association between MDS and the incidence of OA,

as well as the relationship between MDS and mortality in patients

with OA.
Materials and methods

Data source and study population

Data for this research were sourced from the National Health

and Nutrition Examination Survey (NHANES) database

(www.cdc.gov/nchs/nhanes.com).

Part I: The inclusion criteria are as follows: The participants

from NHANES between 2005 and 2018. The exclusion criteria are

as follows: participants younger than 40 years, participants without

OA information and those missing data on MDS.

Part II: Based on Part I, we have developed inclusion and

exclusion criteria. The inclusion criteria are as follows: participants

with OA. The exclusion criteria are as follows: those missing data on

follow-up information.
The assessment of MDS

The MDS calculation comprised the consolidation of four

separate scores: (1) the use of diuretics at present received 1

point; (2) using a proton pump inhibitor (PPI) also earned 1

point; (3) an estimated glomerular filtration rate (eGFR) ranging

from 60 mL/min/1.73 m² to less than 90 mL/min/1.73 m² was

assigned 1 point, whereas an eGFR below 60 mL/min/1.73 m²

received 2 points; (4) heavy alcohol consumption (defined as more

than 1 drink per day for women and over 2 drinks per day for men)

was allocated 1 point (18).
Covariates

Demographic information encompasses age, gender, ethnicity,

education levels, body mass index (BMI) and poverty income ratio

(≤1.30, 1.31–3.49 and ≥3.50). Physical activity data was obtained

through a questionnaire survey. Laboratory tests include total
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cholesterol (TC) (mmol/L), glycated hemoglobin (HbA1c) (%),

calcium (mmol/L) and phosphorus (mmol/L). Dietary factors

(magnesium intake, calcium intake, phosphorus intake, vitamin D

intake), smoking status and comorbidities (hypertension and

diabetes) are also included. Dietary data is sourced from a dietary

recall survey. Oxidative stress is closely related to the occurrence

and development of OA. Antioxidant diet may be an easily accepted

treatment strategy. Based on previously published articles on OA,

we also calculated the composite dietary antioxidant index (CDAI).

It comprises a composite score of six dietary antioxidants: vitamins

A, C, and E, as well as selenium, zinc, and carotenoids (20). The

criteria for diagnosing hypertension include: SBP ≥ 140 mmHg or

DBP ≥ 90 mmHg and the patients using antihypertensive

medications (21). The criteria used for diagnosing diabetes

include: doctor diagnosis as diabetes, HbA1c ≥ 6.5%, fasting

glucose ≥ 7.0mmol/L, random blood glucose ≥ 11.1mmol/L, 2h

OGTT blood glucose ≥ 11.1mmol/L, or the administration of

diabetes medications and insulin therapy (22).
Mortality

The mortality statistics were connected up to December 31,

2019 (https://www.cdc.gov/nchs/data-linkage/mortality.htm).

Outcomes were divided into categories of all-cause deaths and

CVDs. Death causes were classified according to ICD-10 codes,

with CVDs specifically identified using codes 100-109, 111, 113, and

120-151 (23).
Statistical analysis

NHANES is conducted in a complex multi-stage sampling

design. Moreover, NHANES is conducted in two-year cycles and

includes a representative sample of the U.S. population. Standard

error of mean (SEM) reflects the representativeness of sample mean

to population mean. Weighted percentages can better represent the

overall population. Therefore, SEM and weighted percentage might

be more appropriate. Initially, continuous variables were

represented as means corresponding standard error of the mean

(mean ± SEM) and categorical variables were presented as means

[95% confidence intervals (CI)]. The differences between the two

groups were compared using chi-square tests and independent-

sample t tests. P values < 0.05 were recognized statistically

significant. The purpose of regression analysis is to observe the

degree of correlation between the dependent variable and the

independent variable after adjusting for various confounding

factors. To examine the relationship between MDS and the

incidence of OA, weighted logistic regression analyses were

conducted. Three models were developed: unadjusted, Model I,

and Model II. Model I was adjusted for age, sex, and race. Model II

was adjusted for age, sex, ethnicity, education levels, BMI, smoking,

HbA1c, TC, hypertension, DM, calcium, phosphorus, phosphorus

intake, calcium intake, magnesium intake, CDAI, vitamin D intake,

physical activity and poverty income ratio. The restricted cubic

spline(RCS) curve can more vividly observe the relationship
Frontiers in Immunology 0354
between the dependent variable and the independent variable.

RCS analysis was employed to investigate the link between MDS

and the incidence of OA. The purpose of subgroup analysis is to

divide the study population into different groups based on certain

characteristics (such as age, gender, comorbidities, etc.) to observe

whether experimental variables have different effects in these

different groups. Additionally, subgroup analysis was conducted

to determine if the relationship between MDS and the incidence of

OA remained consistent across various groups. These subgroups

include age, gender, race, education level, BMI, smoking, diabetes

and hypertension.

Additionally, weighted Kaplan-Meier curves and log-rank tests

were utilized to examine the cumulative survival differences among

different MDS groups. Cox regression analysis was carried out to

investigate the link between MDS and mortality with OA. The

variables included in the model are consistent with cox regression

analysis model. Similarly, RCS was employed to investigate the

relationship between MDS and mortality. Additionally, subgroup

analysis was performed to further verify the robustness of

the findings.

Besides, sensitivity analysis was also used to further validate our

results. In many studies, weighted and unweighted results may be

inconsistent. Consequently, we conducted unweighted Cox

regression to carry out sensitivity analysis. Additionally, we also

excluded OA patients who died within two years to further analyze

the link between MDS and mortality.
Results

The link between MDS and OA

The participants from NHANES between 2005 and 2018 (n =

70,190), we eliminated subjects younger than 40 years (n = 43,908),

subjects without OA information (n = 3,211), those missing data on

magnesium depletion score (n = 3,677). Consequently, the cross-

sectional analysis sample comprised 19,394 participants. Detailed

information of the screening process is shown in Figure 1. 19,394

adults were screened for this cross-sectional study, including 3,256

OA patients. The clinical baseline characteristics of non-OA and

OA participants are presented in Table 1, including age, gender,

ethnicity, educational levels, BMI, HbA1c, TC, calcium,

phosphorus, phosphorus intake, calcium intake and magnesium

intake, smoking, hypertension, diabetes. Individuals in the OA

group tend to be older (63.57 ± 0.26vs.55.72 ± 0.16), with a

higher likelihood of being female (64.85%vs.49.09%), white

(84.05% vs.70.77%), and former smokers (51.32%vs.46.28%), as

well as a greater proportion of those who have hypertension

(64.06%vs.45.73%), and diabetes (23.56%vs.18.01%)(P<0.001). We

also found differences between laboratory examination

measurements (HbA1c, TC, serum calcium and phosphorus) and

dietary factors (phosphorus intake, calcium intake and magnesium

intake) (P < 0.001). Supplementary Table S1 presents the baseline

characteristics of the participants categorized by their MDS levels.

Compared with the MDS=0 group, patients in the MDS≥3 group

were older (68.65 ± 0.35vs.50.61 ± 0.17), had higher BMI (30.77 ±
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TABLE 1 Clinical characteristics of study population.

Variables Overall Non-OA OA P value

Age, % 57.22±0.16 55.72±0.16 63.57±0.26 <0.001

Sex, % <0.001

Female 52.09(49.33,54.84) 49.09(48.24,49.94) 64.85(62.94,66.76)

Male 47.91(45.24,50.58) 50.91(50.06,51.76) 35.15(33.24,37.06)

Race/ethnicity, % <0.001

White 73.30(67.44,79.15) 70.77(68.23,73.31) 84.05(82.10,86.01)

Black 9.46( 8.46,10.45) 10.25(8.90,11.60) 6.10(4.99, 7.22)

Mexican 6.32( 5.34, 7.30) 7.21(5.99,8.42) 2.56(1.88,3.24)

Others 10.92( 9.95,11.89) 11.78(10.58,12.98) 7.29( 6.14, 8.43)

Education levels, % <0.001

Less than high school 15.36(14.15,16.57) 16.14(14.94,17.34) 12.09(10.58,13.60)

High school or equivalent 23.53(21.75,25.31) 23.61(22.43,24.80) 23.21(21.04,25.38)

College or above 61.07(57.35,64.78) 60.24(58.40,62.09) 64.70(62.21,67.19)

BMI, kg/m2 29.30±0.08 28.95±0.09 30.77±0.20 <0.001

HbA1c, % 5.78±0.01 5.77±0.01 5.84±0.02 <0.001

TC, mmol/L 5.17±0.01 5.19±0.01 5.13±0.02 0.02

Serum calcium, mmol/L 2.35±0.00 2.35±0.00 2.36±0.00 0.01

Serum phosphorus, mmol/L 1.20±0.00 1.19±0.00 1.22±0.00 <0.001

Magnesium intake, mg 305.46±1.92 308.01±2.17 294.60±3.46 0.001

Calcium intake, mg 940.36±7.09 946.58± 7.56 913.88±14.47 0.03

Phosphorus intake, mg 1360.89±7.11 1375.73± 7.83 1297.79±15.98 <0.001

Vitmain D intake,mcg 4.67±0.07 4.70±0.08 4.55±0.13 0.28

CDAI 0.75(0.62,0.87) 0.77(0.63,0.91) 0.65(0.45,0.85) 0.33

(Continued)
F
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FIGURE 1

The flow chart of participant selection.
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TABLE 1 Continued

Variables Overall Non-OA OA P value

Physical activity, % 0.08

No 53.00(50.22,55.78) 52.55(50.92,54.18) 54.90(52.44,57.36)

Yes 47.00(43.81,50.19) 47.45(45.82,49.08) 45.10(42.64,47.56)

Poverty income ratio, % 0.19

≤1.30 15.50(14.27,16.72) 16.89(15.51,18.27) 15.40(13.69,17.10)

1.31–3.49 32.27(30.15,34.39) 34.25(32.70,35.81) 35.96(33.56,38.35)

≥3.50 45.55(42.00,49.10) 48.86(46.61,51.10) 48.65(45.43,51.87)

Smoking, % <0.001

No 52.74(50.02,55.46) 53.72(52.45,54.99) 48.68(46.05,51.31)

Yes 47.22(44.19,50.26) 46.28(45.01,47.55) 51.32(48.69,53.95)

Hypertension, % <0.001

No 50.78(47.70,53.85) 54.27(52.93,55.62) 35.94(33.52,38.36)

Yes 49.22(46.55,51.88) 45.73(44.38,47.07) 64.06(61.64,66.48)

DM, % <0.001

No 80.86(76.34,85.39) 81.99(81.10,82.88) 76.44(74.54,78.33)

Yes 19.05(17.92,20.19) 18.01(17.12,18.90) 23.56(21.67,25.46)
F
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Continuous data were presented as the mean±SEM, category data were presented as the proportion and 95% confidence interval. SEM, Standard Error of the Mean; BMI, body mass index;
HbA1c, glycosylated hemoglobin; MDS, Magnesium depletion score; TC, total cholesterol; CDAI, composite dietary antioxidant index; DM, diabetes mellitus.
TABLE 2 MDS and its components among non-OA group and OA group.

Variables Overall Non-OA OA P value

MDS 1.09±0.01 1.01±0.01 1.47±0.02 <0.001

Diuretic use <0.001

No 83.69(79.12,88.25) 85.86(85.04,86.69) 74.44(72.35,76.52)

Yes 16.31(15.21,17.41) 14.14(13.31,14.96) 25.56(23.48,27.65)

PPI use <0.001

No 88.22(83.70,92.74) 90.58(89.88,91.29) 78.18(76.49,79.88)

Yes 11.78(10.74,12.82) 9.42( 8.71,10.12) 21.82(20.12,23.51)

Heavy drinking 0.01

No 83.77(79.25,88.28) 83.26(82.16,84.37) 85.89(84.17,87.61)

Yes 16.23(14.93,17.54) 16.74(15.63,17.84) 14.11(12.39,15.83)

EGFR scores <0.001

0 45.15(42.83,47.47) 48.44(47.02,49.86) 31.17(29.13,33.21)

1 44.75(41.82,47.69) 42.91(41.66,44.15) 52.61(50.45,54.77)

2 10.10( 9.32,10.87) 8.66( 8.07, 9.25) 16.22(14.73,17.72)
Data were presented as the mean±SEM. SEM, Standard Error of the Mean; MDS, Magnesium depletion score; OA,osteoarthritis; PPI, proton pump inhibitor; eGFR, estimated glomerular
filtration rate.
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0.22vs.29.25 ± 0.12), HbA1c (6.01 ± 0.03vs.5.77 ± 0.02), and had a

larger proportion of smoking (51.09%vs.44.55%), hypertension

(86.64%vs.33.39%) and diabetes (34.11%vs.16.04%). We can also

find that the incidence of OA gradually increases with the increase

of MDS. In addition, patients in the OA group have a higher level of

MDS (1.47 ± 0.02vs.1.01 ± 0.01). We found that OA patients had

higher use of diuretics (25.56%vs.14.14%) and PPIs (21.82%

vs.9.42%), as well as lower eGFR (Table 2), which are

components of MDS.

Additionally, a positive correlation was presented between MDS

and the incidence of OA with an OR of 1.22 (95%CI: 1.14-1.30) in

logistic regression analysis (Table 3). Compared with the group with

MDS=0, the group with MDS≥3 has a higher incidence of OA (OR

= 1.83, 95%CI: 1.46-2.30) in Model II. The use of unweighted

multiple analysis as a sensitivity analysis also confirmed this result

(Supplementary Table S3).

Figure 2 showed a non-linear positive link between MDS and

the incidence of OA (p for overall < 0.001, p for non-linear = 0.04).

Moreover, in various subgroups such as age, sex, smoking, and DM,
Frontiers in Immunology 0657
positive relationships were observed between MDS and the

incidence of OA (Supplementary Figure S1).

Subgroup analysis showed that the results were significant and

stable. This relationship is slightly weakened in elderly people over

60 years old but still statistically significant (P<0.001) (Figure 3).
The link between MDS and mortality
among OA individuals

Second, we excluded individuals without OA (n = 16,138) and

those missing data on follow-up information (n = 6). Consequently,

the sample comprised 3,250 participants. A total of 630 deaths from

all causes and 172 fatalities due to CVDs were recorded until

December 31, 2019 (Figure 1). 3,250 participants were involved in

the cohort study, including 630 all-cause deaths and 172 CVDs. As

illustrated in Supplementary Table S2, the data were categorized into

four groups based on MDS levels. In comparison to the MDS≥3

group, individuals in the MDS=0 category exhibit a greater
FIGURE 2

The correlation between MDS and the incidence of OA.
TABLE 3 Weighted logistic regression analysis on the association between MDS and OA.

Non-adjusted model Model I Model II

OR [95% CI] P value OR [95% CI] P value OR [95% CI] P value

Continuous MDS 1.59(1.52,1.66) <0.001 1.25(1.19,1.32) <0.001 1.22(1.14,1.30) <0.001

MDS=0 Reference – Reference – Reference –

MDS=1 1.76(1.52,2.04) <0.001 1.28(1.08,1.50) 0.004 1.19(0.98,1.43) 0.07

MDS=2 2.79(2.39,3.26) <0.001 1.61(1.34,1.94) <0.001 1.48(1.19,1.85) <0.001

MDS≥3 4.35(3.72,5.09) <0.001 2.02(1.67,2.44) <0.001 1.83(1.46,2.30) <0.001
Data are presented as OR (95% CI). Model I adjusted for age, sex and race/ethnicity. Model II adjusted for age, sex, race/ethnicity, education levels, BMI, smoking, HbA1c, TC, hypertension, DM,
calcium, phosphorus, phosphorus intake, calcium intake, magnesium intake, CDAI, vitmain D intake, physical activity and poverty income ratio. MDS, Magnesium depletion score;
OA, osteoarthritis.
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percentage of all-cause mortality (30.46%vs.6.79%) and CVDs (9.65%

vs.1.93%) (P<0.001). Individuals in the MDS≥3 cohort tend to be

older (70.29 ± 0.51vs.55.77 ± 0.46) and have a higher likelihood of

being female (74.09%vs.66.60%) and white (88.20%vs.74.72%), as

well as a greater prevalence of hypertension (89.00%vs.46.98%) and

diabetes (35.96%vs.21.18%) (P<0.001). The differences were also

found between laboratory examination measurements (HbA1c, TC

and phosphorus) and dietary factors (phosphorus intake, calcium

intake and magnesium intake) (P < 0.001).
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Weighted Kaplan-Meier curves along with log-rank tests were

employed to analyze the differences in cumulative survival across

various MDS groups. The group with MDS≥3 has the highest all-

cause mortality rate. The group with MDS=1 or MDS=2 has a

moderate survival rate, while the group with MDS=0 have the

highest survival rate (long-rank P<0.001) (Figure 4A). Similar death

patterns are also reflected in CVDs (Figure 4B).

A positive association was observed between MDS and all-cause

mortality with an HR of 1.44 (95%CI:1.27-1.62) (Table 4) and
FIGURE 4

Kaplan-Meier survival analysis curves for mortality in different MDS groups. (A) all-cause mortality; (B) cardiovascular mortality.
FIGURE 3

Subgroup analysis of MDS with the incidence of OA.
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cardiovascular mortality with an HR of 1.64 (95%CI: 1.33-2.02)

(Table 5) in adjusted cox regression analysis. Besides, MDS was also

positively related to all-cause mortality [MDS≥3 vs. MDS=0, HR

=2.56 (1.49-4.41, P<0.001)] and CVDs [MDS≥3 vs. MDS=0, HR

=3.00 (1.13-7.98, P=0.01)] as a categorical variable. Sensitivity

analysis also confirmed this finding after excluding OA patients

who died within two years (Supplementary Table S4).

Figure 5 showed a linear positive correlation between MDS and

all-cause mortality (p for overall < 0.001, p for non-linear = 0.783)

and CVDs (P for overall < 0.001, P for non-linear = 0.092) among

OA individuals.

Subgroup analysis indicated that the results were significant and

stable in most subgroups. Notably, this relationship was only

significant in individuals aged 60 and above in the age subgroup

(P<0.001) (Supplementary Figure S2).
Discussion

Our study indicates a positive correlation between MDS and the

incidence of OA among US middle aged and elderly people.

Subgroup analysis indicated that the results were significant and

stable in most subgroups. Moreover, there was a positive correlation

between MDS and the mortality of OA.
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Magnesium plays an important role in inflammatory diseases

and has good anti-inflammatory effects. Research has found that

giving mice a high magnesium diet can reduce levels of

inflammatory factors (IL-1b, TNF-a and IL-6) in the body,

alleviate joint inflammation and joint damage. Mechanistically,

magnesium increases the number of Foxp3+Treg cells in an IL-

10-dependent manner mediated by gut microbiota (24). The latest

research has also found that magnesium can effectively reduce or

even reverse the degeneration of cartilage tissue. Magnesium can

enhance the proliferation and chondrogenic differentiation of bone

marrow mesenchymal stem cells, and has the potential to promote

joint cartilage regeneration. In addition, magnesium can also inhibit

programmed cell death of chondrocytes, thereby protecting joint

cartilage. For osteoclasts, magnesium can inhibit their generation

and bone degradation functions (25). Therefore, magnesium has

significant potential in the treatment of arthritis. The evaluation of

MDS may have significant implications in OA.

In clinical practice, serum magnesium was often used to assess

magnesium status. A study involving 2855 patients revealed that

serum magnesium concentration was negatively linked to the

incidence of imaging knee OA (26). Similarly, a meta-analysis

showed that elevated serum magnesium levels correlate with a

reduced incidence of OA, but this relationship is significantly

affected by serum magnesium concentration (27). The possible
TABLE 5 Cox regression analysis on the association between MDS and cardiovascular mortality.

Non-adjusted model Model I Model II

HR [95% CI] P value HR [95% CI] P value HR [95% CI] P value

Continuous MDS 1.98(1.63,2.41) <0.001 1.76(1.46,2.13) <0.001 1.64(1.33, 2.02) <0.001

MDS=0 Reference

MDS=1 0.91(0.29, 2.80) 0.86 0.61(0.21,1.83) 0.38 0.68(0.22, 2.10) 0.51

MDS=2 2.53(0.89, 7.21) 0.08 1.53(0.57,4.13) 0.40 1.34(0.48, 3.73) 0.57

MDS≥3 6.43(2.28,18.08) <0.001 3.47(1.35,8.95) 0.01 3.00(1.13, 7.98) 0.01
Data are presented as HR (95% CI). Model I adjusted for age, sex and race/ethnicity. Model II adjusted for age, sex, race/ethnicity, education levels, BMI, smoking, HbA1c, TC, hypertension, DM,
calcium, phosphorus, phosphorus intake, calcium intake, magnesium intake, CDAI, vitmain D intake, physical activity and poverty income ratio. MDS, Magnesium depletion score;
OA, osteoarthritis.
TABLE 4 Cox regression analysis on the association between MDS and all-cause mortality.

Non-adjusted model Model I Model II

HR [95% CI] P value HR [95% CI] P value HR [95% CI] P value

Continuous MDS 1.69(1.54,1.85) <0.001 1.48(1.35,1.61) <0.001 1.44(1.27,1.62) <0.001

MDS=0 Reference – Reference – Reference –

MDS=1 1.28(0.77,2.13) 0.35 0.92(0.56,1.51) 0.75 0.98(0.51,1.86) 0.95

MDS=2 2.89(1.84,4.51) <0.001 1.82(1.18,2.82) 0.01 1.71(1.13,2.95) 0.03

MDS≥3 5.05(3.16,8.05) <0.001 2.81(1.81,4.38) <0.001 2.56(1.49,4.41) <0.001
Data are presented as HR (95% CI). Model I adjusted for age, sex and race/ethnicity. Model II adjusted for age, sex, race/ethnicity, education levels, BMI, smoking, HbA1c, TC, hypertension, DM,
calcium, phosphorus, phosphorus intake, calcium intake, magnesium intake, CDAI, vitmain D, physical activity and poverty income ratio. MDS, Magnesium depletion score; OA, osteoarthritis.
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reason is that serummagnesiummay not comprehensively reflect the

magnesium status of the body. Especially in cases of chronic

magnesium deficiency, serum magnesium may still remain at

normal levels due to the body’s compensation (28, 29). While

serum magnesium is utilized in clinical practice, a clear correlation

has yet to be established between serum magnesium concentrations

and systemic magnesium levels or the concentrations found in

particular tissues. In addition, the serum contain only holds 0.3%

of the body’s total magnesium, and most of the rest remain in the

organization (30). The National Institutes of Health (NIH) in the

United States has pointed out that assessing magnesium levels is

difficult due to the fact that most magnesium is present in cells or

bones. When determining magnesium deficiency, this may lead to

misleading blood test results. More than 80% of serum magnesium

undergoes filtration and reabsorption in the kidneys. MDS

incorporates pathophysiological factors influencing the renal

reabsorption capability. Research has found that compared to

serum magnesium, MDS has greater value in predicting the body’s

magnesium status (16). Furthermore, the four risk factors included in

MDS (current use of diuretics and PPIs, heavy alcohol consumption,

and kidney function) are easily assessable in clinical practice.

Evaluating urinary magnesium offers an additional approach

for determining the body’s magnesium levels, but it is easily

influenced by diet, medication, and kidney disease (31). And for

people with limited mobility, monitoring 24-hour urinary

magnesium is difficult to widely implement (32). The evaluation

of magnesium tolerance is considered the benchmark for

determining the magnesium levels within the body. However, its

application is severely limited due to the complexity of its operation

and its unsuitability for patients with renal dysfunction (33). MDS is

a practical tool for assessing the magnesium status of the body (16).

Therefore, exploring its relationship with diseases may provide

important guidance for clinical practice.

Magnesium deficiency is very common in middle-aged and

elderly populations, with reasons including insufficient magnesium

intake and increased excretion caused by various medications (34).

In the cross-sectional study, our study found that this relationship
Frontiers in Immunology 0960
between MDS and the incidence of OA is slightly weakened in elderly

people over 60 years old but still statistically significant (P<0.001). We

consider that the difference in magnesium deficiency levels between

non-OA and OA patients in the elderly population may gradually

narrow. This may be one of the possible reasons for the occurrence of

this result. Additionally, this link between MDS and mortality was

only significant in individuals aged 60 and above in the cohort study.

Elderly OA patients often have multiple comorbidities and a higher

proportion of diuretic use, often accompanied by renal dysfunction.

This may partially explain the significant relationship between MDS

and all-cause mortality in elderly OA patients. Therefore, in OA

patients over 60 years old, MDS may be a better tool for assessing

prognosis. Furthermore, we also observed that MDS is significantly

associated with the incidence of OA and the death of OA patients in

the subgroups of hypertension and diabetes (P<0.001). However, no

significant interaction was observed between the two subgroups. This

shows that the effect of magnesium deficiency on OA is not affected by

hypertension and diabetes.

MDS consists of four elements that influence renal reabsorption:

alcohol intake, the usage of diuretics, the use of PPIs, and kidney

function (16). PPI mainly causes magnesium deficiency in the body

by affecting the intestinal reabsorption of magnesium (35). Some

patients who use PPIs in clinical practice may experience

hypomagnesemia, but this phenomenon can be alleviated by

supplementing magnesium or discontinuing medication. Recent

studies have shown that the use of PPIs may accelerate the

progression of OA (36), possibly through drug-induced magnesium

deficiency, which is consistent with our research findings. Alcohol is

deemed crucial for magnesium excretion. The mechanism may be

that excessive alcohol use cause renal tubular damage, resulting in an

increase in urinary magnesium (37). Magnesium deficiency may

trigger systemic inflammatory reactions and promote the

production of inflammatory mediators by chondrocytes and

synovial cells, ultimately damaging the synthesis of articular

cartilage (38). Omeprazole is a classic proton pump inhibitor.

Omeprazole may cause an increase in segmental pH value in the

small intestine after inhibiting gastric acid secretion, leading to a
FIGURE 5

The correlation between MDS and mortality among OA individuals. (A) all-cause mortality; (B) cardiovascular mortality.
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decrease in Mg2+ dissolution and reabsorption (39). Another

presumed mechanism for the diminished absorption of magnesium

by intestinal epithelial cells involves the PPIs-induced inhibition of

transient receptor potential melastatin-6 (TRPM6) and TRPM7

channels. These factors lead to magnesium deficiency, which

triggers joint inflammation and promotes the progression of OA

(40). The kidneys are the most important organ for magnesium

reabsorption, and the body’s magnesium balance depends on the

involvement of the kidneys (41). Many diuretics also act on the renal

tubules and inhibit magnesium reabsorption (42). For example,

thiazide diuretics can act on the renal tubules, significantly

reducing the reabsorption of magnesium in the body and serum

magnesium concentration, indirectly inducing joint inflammation

and the occurrence of OA (43).

In addition, we found that the use of diuretics and decreased

renal function are risk factors for mortality in OA patients. Previous

studies have shown that renal dysfunction is an independent risk

factor for mortality (44). Besides, middle-aged and elderly people

are often accompanied by other diseases, including cardiovascular

disease, hypertension, diabetes, etc. It is understandable that those

who take diuretics face an increased risk of mortality.

Despite the advantage of NHANES large sample research, our

study still has some limitations. First, we cannot identify a causal

association due to the type of cross-sectional study. Second, the

results from the study mainly apply to the American population.

Third, while the study utilizes MDS, the reliance on indirect

markers (diuretic and PPI use) may not fully capture magnesium

deficiency. we are unable to compare their advantages and

disadvantages due to the lack of serum magnesium and urinary

magnesium. Large prospective studies are needed in the future to

further validate the role of MDS in evaluating magnesium

deficiency. Finally, there may still be other confounding factors

affecting the results although many variables are included.
Conclusion

MDS is positively correlated with the incidence and mortality of

OA. Optimizing the nutritional status of magnesium may bring

benefits to OA patients.
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Evaluating the efficacy and 
impact of neutropenic diet in 
pediatric hematology patients: a 
longitudinal cohort study on 
adherence, clinical outcomes, 
and socioeconomic factors
Amitabh Singh 1†, Neetu Kushwaha 2†, Raja Srishwan 3, 
Shamsuz Zaman 4, Noreen Grace George 2, Raj Kamal 2, 
Sandeep Kumar Swain 2, Manpreet Kaur 2, Fouzia Siraj 2,5, 
Saurabh Sharma 2,6, Baseer Noor 2, Prashant Prabhakar 1, 
Bhavika Rishi 2* and Aroonima Misra 2*
1 Vardhman Mahavir Medical College and Safdarjung Hospital, New Delhi, India, 2 ICMR-National 
Institute of Child Health and Development Research, New Delhi, India, 3 ICMR-National Institute of 
Nutrition, Hyderabad, India, 4 ICMR-National Institute of Cancer Prevention and Research, Noida, 
India, 5 ICMR-Centre for Cancer Pathology, New Delhi, India, 6 Indian Council of Medical Research 
(ICMR), New Delhi, India

Background and aim: A neutropenic diet aims to reduce hospitalizations 
from febrile neutropenia and sepsis in pediatric hematology patients during 
chemotherapy. This study aimed to evaluate its effectiveness in improving 
mortality, morbidity, and overall outcomes while considering limitations, 
adherence rates, and its impact on hospital admissions and culture positivity.

Method: A prospective 18-month observational study was conducted on 
pediatric hematology patients in a pediatric department at a tertiary care center. 
Using a baseline questionnaire at the introduction of a neutropenic diet, the study 
assessed the clinical history, diagnosis, clinicopathological parameters, dietary 
recommendations, and socio-demographic data of the patients. Patients were 
followed up for up to 1 year to evaluate diet adherence, outcomes, mortality, 
and morbidity, as indicated by hospital admissions for febrile neutropenia.

Results: An analysis involving 100 patients was conducted to assess adherence 
to a neutropenic diet and its ramifications on clinical outcomes over a period 
of 18 months. Initial follow-up data were accessible for 83 patients, revealing 
an adherence rate of 66%, which subsequently declined to 57% following a 
6-month interval. Patients were categorized as compliant or non-compliant, 
but no correlation was found between adherence and febrile admissions, 
sepsis, hospitalizations, or mortality. Among compliant patients, 62% showed 
sepsis signs, though only 19% had positive blood cultures in the whole study 
group. Non-adherence was linked to demographic factors such as large family 
size, financial constraints, and limited resources. The neutropenic diet showed 
minimal impact on morbidity and mortality.

Conclusion: Our study does not support the strict adherence to the neutropenic 
diet, as there is no evidence of reduced infections and the dietary adherence 
also imposes an undue financial burden on patients. Instead, focusing on the 
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safe acquisition of food, food processing, and proper hand cleanliness will 
probably provide superior protection against infection.

KEYWORDS

neutropenic diet, leukemia, febrile neutropenia, pediatric patients, adherence, 
socio-economic factors

Introduction

Childhood cancers have high mortality & morbidity owing to 
factors that are genetic, idiopathic, disease pathogenesis related and 
those due to to chemotherapy related toxicity (1, 2). The prevalence of 
morbidity and mortality in hemato-proliferative disorders is often 
attributed to febrile neutropenia which is the most common sequel of 
chemotherapy-induced toxicity (3). Therefore, numerous studies have 
been conducted to improve the various factors that contribute to 
morbidity and mortality. A neutropenic diet (also called a low 
microbial diet) is a clinically recommended special diet on permissible 
food items and is believed to reduce the risk of infection in cancer 
patients and patients with compromised immune systems (4). This 
diet eliminates raw produce, soft cheeses, fast food, and other 
potentially contaminated foods, thus reducing the risk of infections. 
The clinical practice of a neutropenic diet for cancer patients remains 
controversial, despite its lack of scientific evidence, as it is still followed 
in the majority of cancer centers for preventing neutropenia-related 
infections during chemotherapy (2, 5–7). There is a paucity of 
empirical evidence regarding the efficacy of this dietary regimen in 
hematological disorders prevalent in the Indian population, with 
limited studies assessing its role in preventing sepsis, chemotherapy-
induced febrile neutropenia, and its impact on long-term mortality 
and morbidity in these patients (4).

The efficacy of the neutropenic diet in mitigating the incidence of 
infections among patients undergoing chemotherapy remains debated 
in the Indian population. Theoretically, in a setting such as tropical 
countries like India, which have a high burden of bacterial and 
infectious agents due to elevated humidity and environmental 
conditions, a neutropenic diet could be anticipated to significantly 
reduce morbidity, even if not mortality. Research has identified Gram-
negative bacteria, such as Pseudomonas aeruginosa, Escherichia coli, 
Klebsiella, and Proteus, in various foods, especially salads, fresh 
vegetables, and cold meats. In addition, Aspergillus, a potentially 
deadly fungus for those with extended neutropenia, has been 
identified in food, water, and ice (6). However, the recent oncology 
practice worldwide has seen a shift from strict dietary adherence to 
relaxation of such adherence considering the studies on these diets 
and the overall marginal resultant improvement in morbidity (8, 9).

There are limited studies in India to validate or refute this 
hypothesis. Therefore, we conducted a study to determine the impact 
of a neutropenic diet on a cohort of patients undergoing chemotherapy 

for acute lymphoblastic leukemia (ALL), acute myeloid leukemia 
(AML), and other hematology disorders, and we  analyzed the 
correlation between adherence to the neutropenic diet and morbidity 
outcomes. Thus, the goal of this mixed-methods study was to assess 
the neutropenic diet intervention in pediatric cancer patients with 
their clinical outcomes and admission related to febrile neutropenia 
and clinicopathological parameters, in order to support clinical and 
nutritional strategies that may improve the chemotherapy patients’ 
quality of life (2). Our study also aimed to assess the feasibility of 
implementing a neutropenic diet, particularly in hematological 
malignancies, where the effectiveness of dietary intervention is 
established, but socioeconomic barriers often hinder adherence.

Methods

Study design and patients

The study was conducted at the Indian Council of Medical 
Research (ICMR)-National Institute of Child Health & Development 
Research (NICHDR), New Delhi. Pediatric patients under the age of 
13 years who were admitted to the pediatric ward at Vardhman 
Mahavir Medical College (VMMC) and Safdarjung Hospital for 
chemotherapy treatment of hematological malignancies were included 
in the study. The child’s age, medical diagnosis, and therapy stage were 
documented with records for weight, height, hemoglobin level, 
platelet count, total leukocyte count, absolute neutrophil count, and 
temperature. Demographic data included age, sex, birth date, 
admission date, patient’s and mother’s physiological status, and 
examination date. In addition, parental income, employment status, 
and educational background of parents were collected. The baseline 
data included medical history (diagnosis and its date, surgeries, etc.), 
neutropenic infection history, and prior dietary adherence.

Samples and qualitative data were collected from the first day of 
chemotherapy. The blood samples were taken for various tests 
including hemoglobin (Hb), absolute neutrophil count, platelet count, 
total leucocyte count (TLC), liver function test (LFT), kidney function 
test (KFT), and blood culture. Patient data were recorded at the time 
of admission as well as at the start of chemotherapy and the initiation 
of a neutropenic diet and then subsequently at 6 months and/or upon 
hospital admission due to any disease-related morbidity, whichever 
transpired first. The second follow-up assessment was conducted 1 
year subsequent to the initiation of therapy and the neutropenic diet.

Diet intervention at the start of 
chemotherapy

The investigator explained the details of the diet to the patients 
and their parents through the guidelines, answering any queries. The 

Abbreviations: AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; 

B-ALL, B-cell acute lymphoid leukemia; T-ALL, T-cell acute lymphoid leukemia; 

Hb, hemoglobin; TLC, total leucocyte count; LFT, liver function test; KFT, kidney 

function test; ANC, absolute neutrophil count; MRSA, methicillin-resistant 

Staphylococcus aureus; HIC, high-income countries; ITP, immune 

thrombocytopenia; LCH, Langerhans cell histiocytosis.
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details of the diet to be followed and also the dietary intervention and 
its precautions are described in Supplementary Table 9. On the first 
day of the chemotherapy cycle, patients were instructed to start their 
diet, until the chemotherapy ended. Patients on a neutropenic diet 
were instructed to avoid leftover foods, fresh fruits, and raw vegetables. 
The baseline data of all 100 patients were collected at the time of 
initiation of the neutropenic diet and admission at Vardhman Mahavir 
Medical College, Safdarjung Hospital. The first follow-up of all the 
patients was done after 6 weeks, and the second follow-up was done 
after 3 months from the date of initiation of the neutropenic diet 
wherever feasible. In addition, in the case of hospital admission, data 
were collected for the follow-up questionnaire to inquire about the 
adherence to neutropenic diet and the correlated clinicopathological 
results for sepsis and related admission.

The principal investigator evaluated hospital admission history, 
physical examination, and laboratory results to determine the 
diagnosis, including chemotherapy, and non-neutropenic and 
neutropenic infections. The lead investigator obtained a complete 
history from parents of hospitalized patients with neutropenic 
infections and documented all tests and results including systemic 
laboratory examinations and culture reports from blood. Patients’ 
blood counts were monitored throughout the treatment until 
neutrophil recovery, indicated by an absolute neutrophil count (ANC), 
with fever detected and hospitalization if found.

The following data were collected at the time of baseline and 
follow-up: adherence to diet, reasons for non-compliance, and details 
about the diet such as intake of leftover foods, packaged foods, 
vegetarian or non-vegetarian foods, fresh fruits, and raw vegetables. 
Then, similar data were recorded at the time of the first follow-up and 
second follow-up. The questionnaire (see Supplementary Table 5) was 
based on the guidelines (see Supplementary Table  9) of the 
neutropenic diet, and the data were collected telephonically or at the 
time of admission or during OPD visits of all the patients. The 24-h 
diet recall approach was used to assess diet tenacity, with weekly 
interviews with parents to assess their child’s adherence to the 
recommended food intake.

Neutropenic infection was chosen as the primary outcome, and it 
was defined as febrile neutropenia, requiring hospital admission, 
broad-spectrum antibiotic treatment, and an oral temperature of 38°C 
or above. Secondary outcomes included documented infections such 
as pneumonia or positive blood, urine, stool, or sputum cultures. The 
correlation with adherence to the neutropenic diet was determined for 
these patients. In addition, the following data were collected from the 
record files of the patients: ANC count, Hb level, blood culture report, 
incidence of hospital admission due to febrile neutropenia, and other 
investigations, as mentioned in Supplementary Tables 1, 2.

Statistical analysis for calculation of the risk 
ratio between the compliant and 
non-compliant groups

The statistical analysis of the study was conducted using Jamovi-
open statistics software (Version: 2.3.28, Solid). A p-value less than 
0.05 was the threshold for statistical significance. The study was 
conducted using the logarithmic risk ratio as the measure of final 
outcomes. The data were fitted with a random-effects statistical model. 
We evaluated the level of heterogeneity (tau2) using the constrained 

maximum-likelihood estimator. In addition to the tau2 estimate, the 
Q-test for heterogeneity and the I2 statistic were also provided. If any 
degree of heterogeneity was observed (i.e., tau2 > 0 irrespective of the 
Q-test findings), a prediction interval for the actual effects was also 
given. The utilization of studentized residuals and Cook’s distance 
aided in the examination of potential outliers and/or influential 
studies within the model’s context. Studies exhibiting a studentized 
residual in excess of the 100 × (1–0.05/ (2 × k))th percentile of a 
regular normal distribution are regarded as possible outliers. This is 
determined by applying a Bonferroni correction with a two-sided 
alpha of 0.05 to the k studies included in the meta-analysis (10, 11).

Results

General characteristics of the study 
population

Out of 100 patients recruited for the study, the second follow-up 
data were available for 74 patients and the first follow-up data were 
available for 26 patients recruited at a later part of the study. Our 
tertiary care setup included a team of senior and junior hemato-
oncologists, junior and senior doctors, nurse staff, and supporting 
staff. Supplementary Table  1 provides the characteristics of the 
pediatric children at our hospital. Among the 100 pediatric 
hematology patients, we  observed a slight male predominance in 
hemato-proliferative disorders, with a higher proportion of males 
(61%) (see Supplementary Tables 1, 3). The reasons for this 
predominance may include tertiary referral bias and a greater 
likelihood of a male child receiving medical attention because of 
socioeconomic factors in India (12). The median age of patients was 
5.32 years. The majority of patients were in the age group of 0–5 years 
(48%) followed by 5–10 years old (31%). The most common type of 
leukemia in this population was B-ALL (55%) followed by T-ALL 
(13%) (Supplementary Tables 1, 3). The results of this demography 
distribution were similar to those reported in previous studies (7, 9, 
13, 14). The study also found that literacy could also be a potential 
confounding factor for the implementation of a neutropenic diet in 
daily practice, which plays a major role in understanding the 
importance of a neutropenic diet in leukemia. The compliance was 
better in the group where both parents were literate than in the group 
where either or none was literate (with 38% being primary passed and 
24% illiterate) (15, 16). The majority of children treated were 
underweight. Supplementary Table 4 provides the details of the social 
demographics of the study population.

Presenting symptoms and 
clinicopathological data of patients

Supplementary Table 2 provides details of the clinical presentation 
of the study population at baseline. The majority of hematology 
patients were diagnosed with hepatosplenomegaly (63%), 
hepatomegaly (16%), splenomegaly (2%), hydronephrosis (1%), and 
lymphadenopathy (64%). Out of 100 patients, almost all of them 
experienced fever, the majority (75%) had pallor, followed by 
abdominal pain, easy bruises, bleeding, and vomiting 
during admission.
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Neutropenic infection

In our study, 91% of patients often developed neutropenic 
infections and vomiting, believed to be  the side effects of 
chemotherapy, during the entire study period and follow-ups 
(Supplementary Figure 3). Patients reported experiencing fever (97%), 
vomiting (25%), and diarrhea (38%) at the time of admission due to 
febrile neutropenia. We found that 19% of patients showed positive 
blood culture and 91% of patients had sepsis (Supplementary Table 2). 
All of these were unrelated to neutropenic diet adherence and were 
randomly distributed in both adherent and non-adherent groups. One 
patient had oral candidiasis with E. coli sepsis and MRSA sepsis. 
Another patient had Acinetobacter sepsis. One patient had febrile 
neutropenia with Klebsiella sepsis. The majority of the patients on a 
neutropenic diet showed normal blood cultures, but neutropenic 
infections also occurred in some individuals (17, 18). There was a lack 
of laboratory evidence supporting the diagnosis of sepsis, as the 
majority of cultures obtained from patients admitted with febrile 
neutropenia yielded negative results. This phenomenon is 
corroborated by additional research indicating the occurrence of 
culture-negative sepsis among individuals undergoing chemotherapy 
(15, 17, 18).

This study found no difference in mortality, indicating that diet 
does not play a significant role in reducing infection and mortality in 
oncology treatment patients (Supplementary Figure  4), when 
comparing those who followed the diet with those who did not. Out 
of 100 patients, 26 were deceased (18 male and 8 female), while 74 
were alive. The causes of death were pancytopenia and sepsis with 
infection and chemotherapy-induced toxicity. Out of 100 patients, the 
compliant group had a 27% mortality rate, compared to 23% in the 
non-compliant group. Of the 66% who were compliant, 18% died. The 
non-compliance group comprised 34% of patients, of which 8% died. 
Supplementary Figure 4 shows the mortality rate at a 1-year follow-up 
period and shows that there were no differences in mortality rates in 
compliant (27.3%) versus non-compliant patients (23.5%), with an 
overall mortality rate of 26.0%. There was a complete absence of any 
correlation observed between the likelihood of survival rates and the 
strict adherence to a neutropenic diet. This lack of correlation was also 
evident with equal incidence of sepsis in both groups. The underlying 
reasons could primarily be  attributed to the presence of multiple 
variables and outcome measures that are associated with these 
patients. These patients are usually immunocompromised and hence 
prone to infection because of disease and chemotherapy. Furthermore, 
it is important to note that sepsis is not directly attributed to the 
dietary restrictions imposed by the neutropenic diet (9, 10).

Conformation of diet tenacity

The total study population was divided into two groups based on 
adherence to dietary interventions: compliant and non-compliant 
(Supplementary Table  8). The compliant group consisted of 66%, 
strictly following a neutropenic diet, and the non-compliant group 
consisted of 34%. Almost everyone (99%) avoided leftover foods, 86% 
ate boiled egg and non-vegetarian food, 14% avoided poultry, and no 
patients (0%) consumed fresh fruits and raw vegetables 
(Supplementary Table 11). In the initial survey, 17% of the participants 
could not be  followed up, whereas in the subsequent survey, this 

percentage was reduced to 10%. The majority of the parents followed 
neutropenic diet guidelines, but patients had difficulties with food 
restrictions. The observed log risk ratio ranged from −0.34 to 0.23 in 
the adverse medical condition population of both the compliant and 
non-compliant groups, while it was observed to be in the range of 
−0.89 to 0.08 in the non-adverse medical condition population of 
both the groups with the majority of estimates being positive (60%). 
The detailed log risk ratio and the estimated average log risk ratio, 
based on the random-effects model, were analyzed (Supplementary  
Figures 1A,B, 2A,B and Supplementary Tables 6, 7), and we observed 
no significant difference (p < 0.05) in both compliant and 
non-compliant groups for adverse and non-adverse medical 
conditions (z = 0.5359 and p = 0.5920 for adverse medical condition; 
and z = −0.1944 and p = 0.8458 for non-adverse medical condition) 
(Supplementary Tables 6, 7). According to the Q-test, there was no 
significant amount of heterogeneity in the true outcomes in the 
adverse medical condition population (Q(4) = 2.6168, p = 0.6239, 
tau2 = 0.0000, I2 = 0.0000%). A similar line of outcome was observed 
in the non-adverse medical condition population with the Q-test 
(Q(4) = 3.2983, p = 0.5092, tau2 = 0.0053, I2 = 8.4224%) 
(Supplementary Tables 6, 7). The log risk ratios and meta-analysis data 
are provided in Supplementary material 2 and Supplementary  
Tables 6, 7. The major reasons for non-compliance were logistic issues 
related to a large family (6%), lack of resources (4%), financial issues 
(4%), perceived lack of advantage (2%), not following doctors’ advice 
(1%), and lost to follow-up, those that were not reachable on the 
telephone and did not attend the follow-up (17%). Fresh fruits 
(excluding bananas) and raw vegetables were strictly avoided by the 
patients. Some parents avoided fast food, struggled to provide dry 
fruits due to low income, and substituted supplementary protein foods 
for eggs or non-vegetarian options. The majority of parents provided 
fresh homemade food, while a few patients consumed leftovers.

Among the 100 pediatric hematology patients studied, 66 
patients were classified as compliant/adherent to dietary 
interventions, while 34 were non-compliant/non-adherent. The 
median age of compliant patients (4.32 years) was lower than that 
of non-compliant patients (6.67 years). Gender distribution showed 
that out of 61 male patients, 44 were compliant, while 17 were 
non-compliant. Among 39 female patients, there was an equal 
distribution with 22 being compliant and 17 non-compliant. 
Regarding disease distribution, B-ALL was the most common 
diagnosis (55 patients), with 35 patients in the compliant group and 
20 in the non-compliant group. This was followed by T-ALL (13 
patients; 10 compliant, 3 non-compliant), AML (9 patients; 6 
compliant, 3 non-compliant), aplastic anemia (6 patients; 3 in each 
group), and Ewing sarcoma (2 patients; both compliant). The 
primary outcome measures of neutropenic infections during 
chemotherapy showed that 91 patients developed sepsis, with a 
higher proportion in the compliant group (62 patients) than in the 
non-compliant group (29 patients). Blood culture results revealed 
19 positive cases (11 compliant, 8 non-compliant) and 81 negative 
cases (55 compliant, 26 non-compliant). The mortality data showed 
that out of 26 deaths, 18 were males (13 compliant, 5 non-compliant) 
and 8 were females (5 compliant, 3 non-compliant). The total 
mortality rate appeared to be similar between compliant (18 deaths) 
and non-compliant (8 deaths) groups when adjusted for group size. 
Regarding dietary interventions, nearly all patients (99 out of 100) 
were advised to avoid leftovers, with similar adherence rates 
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between groups. All patients (100) were instructed to avoid fresh 
fruits and raw vegetables. A smaller subset of patients (14) were 
advised to avoid poultry (9 compliant, 5 non-compliant) and boiled 
eggs and non-vegetarian food (11 compliant, 4 non-compliant). The 
data suggest that while compliance with dietary restrictions was 
observed in approximately two-thirds of the patients, the incidence 
of neutropenic infections and positive blood cultures remained 
proportional between compliant and non-compliant groups when 
adjusted for group size. This raises interesting questions about the 
direct impact of dietary compliance on infection prevention in 
pediatric hematology and oncology patients, though other factors 
such as age, underlying disease, and treatment protocols may have 
influenced these outcomes (Supplementary Table 8).

Discussion

The current study aimed to evaluate the impact of adherence to a 
neutropenic diet on morbidity, especially the frequency of hospital 
admissions, duration of stay. and mortality, among pediatric patients 
undergoing chemotherapy for ALL, AML, and other hemato-
proliferative disorders. As reported in other studies, despite the 
theoretical benefits of reducing infection risk in patients with 
compromised immune function, our findings indicate that adherence 
to a neutropenic diet does not significantly impact the incidence of 
neutropenic infections or overall survival outcomes (19). There was 
no significant difference in morbidity and mortality between the 
compliant and non-compliant groups over a period of 1-year 
follow-up. The neutropenic diet, a norm for conventional 
chemotherapy for over two decades, exhibits variability in necessity, 
implementation, understanding, and impact on outcomes (2). The 
clinical significance of a neutropenic diet on pediatric hematology 
patients is related to the length of time needed for diet instruction, the 
information included in that education regarding food limitations, 
and the difficulty in following dietary restrictions when experiencing 
chemotherapeutic side effects (7).

Patient demographics and compliance

The study cohort consisted of 100 pediatric hematology 
patients with a male predominance (61%), which is consistent 
with the existing literature (20, 21) suggesting a higher incidence 
of childhood cancer in males for all genetically predisposed 
cancers and genetic abnormalities being more common in males 
for unknown reasons (20, 21). It could also be potentially due to 
socioeconomic factors in India that influence healthcare-seeking 
behavior (22). The majority of patients were under the age of 10, 
with a peak between 0 and 5 years as expected with the published 
literature, with B-ALL being the prevalent diagnosis, reflecting 
typical disease demographics (23, 24). Fever, pallor, abdominal 
pain, swelling, vomiting, and diarrhea were the prevalent signs 
and symptoms. The male/female ratio was 1.6:1, indicating male 
dominance in the population. We found that compliance with the 
neutropenic diet was relatively high (66%), though logistical, 
financial, and resource-related challenges contributed to 
non-compliance in 34% of the cases. Interestingly, dietary 
compliance was notably better among children with literate 

parents than those with illiterate parents, emphasizing the role of 
parental education in health-related behavior.

In our study, 38% of mothers had completed primary education, 
and 24% were illiterate (Supplementary Table 4), highlighting the 
impact of parental education on the wellbeing of children with 
leukemia. Research indicates that educated parents are well-equipped 
to understand leukemia, chemotherapy, and its associated side effects, 
enabling them to provide more effective care and support (23, 25). 
This comprehensive understanding facilitates improved 
communication with healthcare providers, better management of 
treatment-related challenges, and reduced stress for both parents and 
children. Consequently, the quality of life for children is significantly 
enhanced when parents possess formal education, compared to 
relying solely on informal information sources (25).

Diet adherence and infection outcomes

The primary outcome of the study was the incidence of 
neutropenic infections, defined by febrile neutropenia requiring 
hospital admission and broad-spectrum antibiotic treatment. The 
secondary outcomes included documented infections such as 
pneumonia and positive cultures. Although 91% of patients 
experienced neutropenic infections during the study, there was 
no clinical evidence of a major difference in infection rates 
between patients adherent and non-adherent to the neutropenic 
diet. Moreover, the types of infections, including sepsis and 
febrile neutropenia, were distributed randomly between both 
groups. In our setting, patients usually reported late, and this is 
a major reason for such a high incidence of sepsis-related 
symptoms. Sepsis was defined according to the standard 
definition as suspected or proven infection caused by any 
pathogen or clinical syndrome associated with a high probability 
of infection along with any two of the following four signs: fever 
>38.5°C, tachycardia, tachypnoea as per age-defined cutoffs, and 
neutropenia. Severe sepsis was defined as sepsis with organ 
dysfunction, hypoperfusion, or hypotension. Blood culture was 
positive in 19% of cases, and the details of growth are shown in 
the chart. One patient had polymicrobial sepsis in the form of 
oral candidiasis with laboratory examination showing the growth 
of E. coli and MRSA in the blood (Supplementary Figure 3).

Morbidity, mortality, and clinical 
implications

In terms of clinical outcomes, the overall mortality rate was 
26%, with minimal difference between the compliant (27.3%) and 
non-compliant (23.5%) groups (Supplementary Tables 6, 7 and 
Supplementary Figure  4). The primary causes of death were 
pancytopenia, sepsis, and chemotherapy-induced toxicity, 
underscoring the multifactorial nature of mortality in pediatric 
hematology and oncology patients. These results indicate that 
adherence to a neutropenic diet does not significantly reduce 
morbidity or mortality in pediatric hematology and oncology 
patients undergoing chemotherapy. Several studies including 
randomized controlled trials and systematic reviews have 
highlighted the futile effects of a neutropenic diet. However, 
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those are mostly set in high-income countries (HIC) where the 
pathogen burden is less and incidences of febrile admissions due 
to sepsis are also low (26). In our study, about 66% followed 
neutropenic diet, though full compliance was not seen. The 
mortality rates did not vary between the compliant and 
non-compliant groups. In fact, the compliant group showed 
slightly higher mortality rates (2, 19, 27, 28). Nutrition and 
childhood cancer are closely linked, with malnutrition increasing 
the infection risk, altering medication metabolism, and limiting 
treatment effectiveness. A study reported that concerns about 
cancer outcomes, survival rates, treatment tolerance, and quality 
of life were identified mainly in children lacking sufficient 
nutrition (29). The presence of malnutrition is correlated with 
reduced rates of survival and heightened levels of toxicity 
resulting from chemotherapy treatment (23). As in any pediatric 
cohort in Indian tertiary care centers, we had a similar incidence 
of malnutrition (more than half, 54%) as per Revised IAP 2015 
Growth Charts (30). The attribution of the confounding effect of 
malnutrition in sepsis in overall outcomes of leukemia  
needs a thorough investigation which is beyond the scope of 
this study.

Microbiological findings and diet 
correlation

Blood cultures and other systemic laboratory examinations 
indicated that infections such as E. coli, MRSA, and Klebsiella 
sepsis were not specifically associated with diet adherence, 
highlighting that factors other than dietary intake play a 
predominant role in infection risk among these patients. Our 
findings align with other studies (15, 31) reporting high rates of 
culture-negative sepsis in chemotherapy patients, further 
suggesting that neutropenic infections are largely influenced by 
chemotherapy-induced immunosuppression rather than dietary 
factors (Supplementary Table 2). Several studies conducted in 
Western countries have identified common pathogens such as 
Campylobacter coli, Bacillus cereus, Salmonella Typhimurium, 
Aeromonas hydrophila, and Staphylococcus aureus, which were 
found in blood and respiratory, intestinal, and urinary sites (27, 
32, 33). In addition, food-associated infections (FAIs) were 
notably prevalent in home environments compared to hospital 
settings, with studies indicating a 64% occurrence in homes 
versus 18% in hospitals. This variance underscores the paramount 
importance of domestic sanitation practices in the mitigation of 
foodborne illnesses (34, 35). The frequency of culture positivity 
in the aforementioned studies demonstrated considerable 
heterogeneity, ranging from 0.2 to 30%; nonetheless, it revealed 
analogous characteristics among both adherent and non-adherent  
cohorts.

The home environment serves as a crucial locus for FAIs, 
attributable to heterogeneous hygiene practices and the existence of 
varied bacterial populations. Inadequate hygienic practices, such as 
insufficient hand washing and improper food handling, exacerbate 
the elevated prevalence of FAIs in domestic environments. 
Conversely, healthcare facilities generally implement more rigorous 
hygiene protocols, thereby diminishing the occurrence of such 
infections. Although the incidence of FAIs is markedly elevated in 

domestic settings, the comparability in culture positivity rates 
between adherent and non-adherent groups indicates that 
additional factors such as environmental conditions and the 
adaptability of pathogens may also exert influence. This highlights 
the necessity for comprehensive strategies that simultaneously 
address individual behaviors and systemic food safety 
frameworks (36).

Reasons for non-compliance

Non-compliance with the neutropenic diet was observed in 
34% of the patients, primarily due to logistical challenges, 
financial constraints, and a lack of perceived benefits. Large 
family sizes made it difficult for parents to adhere strictly to 
dietary guidelines, especially in resource-limited settings. 
Financial issues also played a significant role, as some families 
struggled to afford the recommended foods, particularly high-
protein options such as eggs or non-vegetarian items. In addition, 
some parents did not perceive any clear advantages to following 
the diet, leading to reduced motivation for strict adherence. 
Cultural preferences and accessibility issues further contributed 
to the challenges of maintaining diet compliance. Other 
challenges reported in the Western countries were different from 
those observed in our study, such as unpleasant olfactory 
sensations, inadequate food presentation, hospitalization, 
separation from family, and social pressure. Other challenges that 
have been reported mainly in high-income countries include 
complaints about dietary limits—particularly for pediatric 
hematology patients, who were denied desirable foods such as 
fast food, street foods, and fresh fruits—lengthy hospitalizations, 
emotional distress, disruptions to daily routines, yearning for 
social milieu, and dissatisfaction with meals that contribute to 
diminished appetite among pediatric patients (9, 16).

The study is constrained by its observational design, coupled 
with the relatively small sample size, factors that may significantly 
influence the extent to which our findings can be generalized to 
broader contexts beyond our study. In addition, the reliance on 
self-reported dietary adherence and parental recall introduces 
potential biases that could affect the accuracy and reliability of 
compliance data. The inherent limitations in our study are 
further compounded by factors such as a relatively brief 
enrollment period, generalized inclusion criteria, a limited 
sample size, an array of multifactorial influences, seasonal 
fluctuations in the availability of foodstuffs, and the notably low 
accuracy associated with patients’ self-reported compliance over 
designated intervals of 6 and 12 weeks. As a result, future research 
should prioritize large-scale randomized controlled trials to 
better establish the role and effectiveness of dietary interventions 
in pediatric hematology and oncology patients. In addition, it 
would be  prudent to investigate a wider array of preventive 
strategies, such as the implementation of enhanced infection 
control mechanisms and the administration of targeted 
antimicrobial prophylaxis, as these may yield considerable 
benefits for this particularly vulnerable population of patients. 
There is an urgent need for further research aimed at improving 
the treatment outcomes associated with neutropenia, as this 
condition poses significant challenges in the context of 
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oncological care. A thorough review of the existing literature 
indicates a pronounced deficiency in empirical evidence 
regarding the utilization, feasibility, and overall efficacy of the 
neutropenic diet specifically in pediatric patients diagnosed with 
neutropenia, who are actively undergoing oncological treatment.

Conclusion

Our study data do not support the use of the neutropenic diet. 
Moreover, there is no standardization and recommended diet when it 
comes to neutropenic diet as it varies between geographic regions 
based on the availability of food and dietary habits. The absence of a 
clear link between diet and infection underscores that neutropenic 
infections are primarily driven by the compromised immune function 
inherent to chemotherapy, rather than dietary practices alone.
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Dietary index for gut microbiota, 
a novel protective factor for the 
prevalence of chronic kidney 
diseases in the adults: insight 
from NHANES 2007–2018
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Introduction: This study explore the association between the dietary index for 
gut microbiota (DI-GM) and the prevalence of chronic kidney disease (CKD).

Method: A cross-sectional study of participants aged ≥20 years using the data 
drawn from NHANES (2007–2018). DI-GM is comprised 14 dietary components 
(10 beneficial and 4 unfavorable). CKD diagnosis based on urine albumin-to-
creatinine ratio (uACR) and estimated glomerular filtration rate (eGFR). Logistic 
regression models were employed to evaluate the relationship between DI-GM 
and CKD while controlling for various covariates. Additionally, a spline smooth 
analysis was performed. Subgroup and interaction analyses were conducted to 
investigate whether any factors modified this relationship.

Results: A total of 28,843 participants were eligible for the study, of whom 5,461 
were diagnosed with CKD, while 23,382 were not. Patients with CKD exhibited 
significantly lower DI-GM scores compared to healthy individuals. A negative 
association between DI-GM and the prevalence of CKD was observed across 
all models, with the relationship being more pronounced in individuals with 
DI-GM scores greater than 5 compared to those with scores ≤3. Beneficial 
components, such as dietary fiber, whole grains, and coffee, were identified 
as protective factors. Moreover, sex make an effect on this relationship, with 
stronger effects noted in women.

Conclusion: Higher DI-GM scores correlate with reduced CKD prevalence, 
and the effect appears to be more pronounced in women than in men. These 
findings suggest that enhancing gut health through diet may serve as a viable 
strategy for the prevention and management of CKD, with particular attention 
to sex-based differences in prevention.

KEYWORDS

chronic kidney diseases, dietary index for gut microbiota, metabolism, cross-section, 
association
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1 Introduction

Chronic kidney disease (CKD) is a long-term condition 
characterized by progressive renal dysfunction, leading to impaired 
filtration and waste elimination. CKD frequently progresses to 
complications such as cardiovascular disease, anemia, and bone 
disorders, and may ultimately necessitate dialysis or transplantation. 
Globally, CKD affects over 850 million people and is projected to 
become the fifth leading cause of death by 2040 (1). The primary risk 
factors for CKD include diabetes, hypertension, obesity, and aging (2). 
Recent studies have highlighted the role of gut dysbiosis in CKD, as it 
exacerbates systemic inflammation, promotes insulin resistance, and 
generates uremic toxins like indoxyl sulfate and p-cresyl sulfate (3, 4). 
These toxins contribute to further kidney damage and cardiovascular 
complications, highlighting the connection between gut health and 
CKD progression (5, 6). Consequently, the gut microbiome is 
increasingly recognized as a potential therapeutic target in the 
management of CKD.

The dietary index for gut microbiota (DI-GM) is a novel metric 
designed to assess the impact of diet on the diversity of gut microbiota. 
This comprehensive index was developed through a review of 106 
articles that investigated the association between diet and gut 
microbiota in adults. The DI-GM encompasses 14 dietary components, 
with beneficial components such as fermented dairy, whole grains, 
fiber, and specific fruits and vegetables, and unfavorable components 
like red and processed meats, refined grains, and high-fat diets (7, 8). 
This index serves as a standardized tool for evaluating dietary patterns 
that promote or hinder gut microbiota health. Research indicates that 
diet affecting gut microbiota diversity can influence systemic health, 
particularly concerning metabolic conditions such as diabetes and 
cardiovascular diseases (9, 10). Given the established roles of 
metabolic disturbances and gut dysbiosis in kidney disease, 
understanding whether DI-GM correlates with CKD prevalence is 
essential for developing dietary interventions aimed at preserving 
renal function. Despite the growing body of evidence linking diet, gut 
microbiota, and chronic diseases, there is a notable scarcity of research 
exploring the relationship between DI-GM and CKD. This study aims 
to investigate the association between the DI-GM and the prevalence 
of CKD, hypothesizing that higher DI-GM scores, indicative of a 
gut-friendly diet, are associated with a lower prevalence of CKD. The 
urgency of this research is emphasized by the global rise in CKD 
incidence, which is significantly influenced by lifestyle factors, 
including poor dietary habits and metabolic health. By examining this 
relationship within a cross-sectional adult population, the study aims 
to provide insights into how dietary strategies targeting gut microbiota 
may help mitigate the risk and progression of CKD.

2 Method

2.1 Study design and population

The data utilized in this research was obtained from the National 
Health and Nutrition Examination Survey (NHANES) database, which 
covers the period from 2007 to 2018. NHANES is a comprehensive, 
nationally representative survey designed to investigate the dietary 
patterns and health of individuals residing in the United States. Data 
were collected through structured interviews, physical evaluations, and 
laboratory tests, employing a multistage probability sampling technique. 

The primary objective is to accurately represent the demographics of 
the U.S. population, with stringent measures implemented during the 
data collection process to ensure the confidentiality and privacy of 
participants. The initial sample, collected over six consecutive cycles, 
comprised 59,842 individuals. First, individuals under 20 years of age 
were excluded from the sample (n = 34,770). Next, pregnant individuals 
were also removed (n = 372). Additionally, individuals with missing 
information regarding CKD diagnoses (n = 3,468) and DI-GM 
(n = 2,087) were excluded. Ultimately, 28,843 adults were included in 
the analysis, as detailed in Supplementary Figure S1.

All NHANES study protocols received approval from the Ethics 
Review Committee of the NCHS, and informed consent was obtained 
from all participants.

2.2 The dietary index for gut microbiota

The DI-GM is a literature-based index developed to assess dietary 
patterns that influence gut microbiota composition (7). It encompasses 
a set of dietary components that either positively or negatively impact 
gut microbial diversity. This index was constructed using dietary recall 
data and consists of 14 food components, categorized into beneficial 
and unfavorable groups based on their effects on gut microbiota 
diversity (Supplementary Table S1) (8). Beneficial components include 
foods such as fermented dairy, whole grains, fiber, soybean, broccoli, 
avocados, cranberries, chickpeas, coffee, and green tea, all of which 
have been shown to promote a healthier gut microbiome. Conversely, 
red meat, processed meats, refined grains, and high-fat diets (defined 
as ≥40% of total energy from fat) are classified as unfavorable due to 
their association with dysbiosis. For beneficial food components, a 
score of 1 is assigned when intake meets or exceeds the sex-specific 
median, indicating sufficient consumption. If intake falls below this 
threshold, a score of 0 is assigned. For unfavorable components, the 
scoring is reversed: a score of 1 is assigned if intake is below the 
median or under 40% of daily energy for high-fat diets, while a score 
of 0 is given. The total DI-GM score ranges from 0 to 14, with higher 
scores indicating diets that are more supportive of gut microbiota 
health. Participants are categorized into four subgroups based on the 
total score: (1) 0–3 points, (2) 4 points, (3) 5 points, and (4) ≥6 points.

2.3 Diagnosis of chronic kidney diseases

In this study, CKD was diagnosed based on the patient’s urine 
albumin-to-creatinine ratio (uACR) and estimated glomerular filtration 
rate (eGFR) (11). The uACR was categorized into three levels: A1 
(<30 mg/g), A2 (30–300 mg/g), and A3 (>300 mg/g), while the eGFR was 
classified into six levels: G1 (≥90 mL/min/1.73 m2), G2 (60–89 mL/
min/1.73 m2), G3a (45–59 mL/min/1.73 m2), G3b (30–44 mL/
min/1.73 m2), G4 (15–29 mL/min/1.73 m2), and G5 (<15 mL/
min/1.73 m2). Based on the combination of uACR and eGFR, CKD 
prognosis was stratified into four risk categories: (1) Low Risk: uACR 
<30 mg/g (A1) with eGFR ≥60 mL/min/1.73 m2 (G1 or G2), indicating 
minimal risk of kidney damage; (2) Moderate Risk: uACR <30 mg/g (A1) 
with eGFR 45–59 mL/min/1.73 m2 (G3a), or uACR 30–300 mg/g (A2) 
with eGFR ≥60 mL/min/1.73 m2, suggesting a moderate risk of kidney 
damage; (3) High Risk: uACR <30 mg/g (A1) with eGFR 30–44 mL/
min/1.73 m2 (G3b), or uACR 30–300 mg/g (A2) with eGFR 45–59 mL/
min/1.73 m2, or uACR >300 mg/g (A3) with eGFR ≥60 mL/min/1.73 m2, 
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indicating significant kidney damage; (4) Very High Risk: eGFR <30 mL/
min/1.73 m2, or uACR >30 mg/g with eGFR 30–59 mL/min/1.73 m2, 
indicating severe kidney damage and a poor prognosis. This stratification 
facilitates a precise assessment of CKD prognosis, confirming a diagnosis 
of CKD (‘yes’) for moderate or higher risk categories.

2.4 Covariates

The continuous variables included age, poverty income ratio (PIR, 
a ratio of family income to poverty threshold), and body mass index 
(BMI). The categorical variables encompassed sex, race, education, 
marital status, smoking status (never, former, or current), alcohol 
consumption (never, former, or current), diabetes, cardiovascular 
diseases (CVD), hypertension (HBP), cancer, vigorous activity, and 
moderate activity (all classified as yes/no). Specifically, age was 
categorized into the intervals of 20–34, 35–49, 50–64, and ≥ 65 years, 
while racial categories included Mexican American, other Hispanic, 
Non-Hispanic Black, non-Hispanic White, and other races. 
Participants were classified based on BMI into the following groups: 
<25, ≥25 & <30, and ≥ 30 kg/m2.

2.5 Statistical analysis

The baseline characteristics of all participants were presented 
using means ± standard deviations (SD) and proportions. Specifically, 
continuous variables were evaluated using a linear regression model, 
while categorical variables were analyzed using chi-square tests. To 
identify independent risk factors associated with CKD, logistic 
regression analyses were conducted. Participants were categorized into 
four groups based on the DI-GM, and three logistic regression models 
were developed to investigate the relationship between DI-GM and 
CKD. Furthermore, to assess the association between the components 
of DI-GM and the prevalence of CKD among adults, three additional 
logistic regression models were employed. In the unadjusted model, 
no variables were modified. The minimally adjusted model controlled 
for age, sex, race, PIR, BMI, marital status, and education. The fully 
adjusted model further included smoking habits, alcohol 
consumption, HBP, diabetes, CVD, cancer, vigorous activity, and 
moderate activity. Additionally, spline smoothing using a generalized 
additive model (GAM) was performed to illustrate whether a linear 
relationship between DI-GM and CKD present in the fully adjusted 
model. To further investigate whether any factors could influence the 
association between these two variables, interaction and subgroup 
analyses were conducted.

Moreover, sensitivity analyses of multivariable logistic regression 
were performed. The DI-GM was based on dietary information 
collected from a day-two recall. All statistical analyses were conducted 
using R version 4.2.2 (the R Foundation)1 and EmpowerStats (X&Y 
Solutions, Inc.).2 A p-value of less than 0.05 was considered 
statistically significant.

1  http://www.R-project.org

2  http://www.empowerstats.com

3 Results

3.1 Baseline characteristics of study 
participants

A total of 28,843 individuals were enrolled in the NHANES 
study from 2007 to 2018, among which 5,461 participants were 
diagnosed with CKD while 23,382 were not. As presented in 
Table 1, individuals with CKD exhibited a higher unfavorable to 
gut microbiota score (2.71 ± 1.07) and a lower DI-GM (4.54 ± 1.61) 
and beneficial to gut microbiota score (1.83 ± 1.32) compared to 
those without CKD. In comparison to healthy participants, those 
with CKD were older (63.07 ± 16.15 years), with a significant 
proportion aged ≥65 years (55.01%), and had a higher BMI 
(30.27 ± 7.33) with 45.50% classified as obese (≥30 kg/m2). 
Additionally, the proportion of females (52.10%), individuals with 
low education levels (less than college, 44.79%), smokers (49.59%), 
and those with diabetes (50.25%), HBP (72.77%), CVD (27.63%), 
and cancer (17.92%) was higher among CKD patients compared 
to those without. Conversely, participants with CKD had a lower 
PIR (2.26 ± 1.51 vs. 2.56 ± 1.64) and were less likely to be  in 
non-single living situations (married/living with a partner, 
53.98%), engage in moderate physical activity (29.88%), vigorous 
activity (13.50%), and consume alcohol (81.95%) when compared 
to healthy individuals. Regarding the components of the DI-GM, 
we  observed that the scores for components beneficial to gut 
microbiota, such as avocado, broccoli, chickpeas, cranberries, 
fermented dairy, fiber, green tea, and soybeans, were predominantly 
lower in CKD patients, while the scores for components 
unfavorable to gut microbiota, specifically red meat and refined 
grains, were higher in this group (Supplementary Table S2 and 
Figure 1).

3.2 Multivariable logistic regression

Table 2 demonstrates a negative association between DI-GM and the 
prevalence of CKD across all models. In the non-adjusted model, the odds 
ratio (OR) was 0.964 (95% CI, 0.946 to 0.982), in the minimally-adjusted 
model, it was 0.919 (95% CI, 0.901 to 0.937), and in the fully-adjusted 
model, the OR was 0.958 (95% CI, 0.936 to 0.980). Furthermore, 
individuals with a DI-GM score > 5 exhibited a significantly higher 
prevalence of CKD compared to those in the ≤3 score group (OR = 0.837, 
95% CI, 0.754 to 0.928). Additionally, the P vale of trend test analyses was 
<0.5 in all three models.

Furthermore, the results showed that beneficial to gut microbiota 
serves as a protective factor for CKD (OR = 0.923, 95% CI 0.897 to 
0.950), with no significant differences observed in the unfavorable to 
gut microbiota within the fully adjusted model. Additionally, 
components of beneficial to gut microbiota, such as coffee, fiber, and 
whole grains, play a crucial role in protecting CKD across the three 
models (Table 3).

3.3 A smooth spline curve

The results demonstrate a negative linear association between 
DI-GM and the prevalence of CKD, as illustrated in 

73

https://doi.org/10.3389/fnut.2025.1561235
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://www.R-project.org
http://www.empowerstats.com


Xiao et al.� 10.3389/fnut.2025.1561235

Frontiers in Nutrition 04 frontiersin.org

TABLE 1  Characteristics of participants by categories of Chronic kidney diseases: NHANES 2007–2018.*

Variables All

(n=28843)

Chronic kidney diseases p-value

No
(n=23382)

Yes
(n=5461)

DI-GM (mean ± SD) 4.62 ± 1.61 4.64 ± 1.62 4.54 ± 1.61 <0.001

Beneficial to gut microbiota (mean ± SD) 1.99 ± 1.34 2.03 ± 1.34 1.83 ± 1.32 <0.001

Unfavorable to gut microbiota 

(mean ± SD)

2.63 ± 1.06 2.61 ± 1.06 2.71 ± 1.07 <0.001

Age (years, mean ± SD) 49.97 ± 17.59 46.91 ± 16.47 63.07 ± 16.15 <0.001

 � 20–34 (%) 24.18 28.05 7.62

 � 35–49 (%) 25.15 28.09 12.58

 � 50–64 (%) 26.62 27.05 24.79

 � ≥65 (%) 24.04 16.81 55.01

PIR (mean ± SD) 2.50 ± 1.62 2.56 ± 1.64 2.26 ± 1.51 <0.001

 � ≤1.3 (%) 32.08 31.33 35.28

 � >1.3 and ≤ 3.5 (%) 37.72 36.74 41.95

 � >3.5 (%) 30.20 31.93 22.77

BMI (kg/m2, mean ± SD) 29.29 ± 6.94 29.07 ± 6.83 30.27 ± 7.33 <0.001

 � <25 (%) 28.16 29.20 23.61

 � ≥25 and < 30 (%) 32.95 33.43 30.89

 � ≥30 (%) 38.89 37.37 45.50

Sex (%) 0.026

 � Female 50.74 50.42 52.10

 � Male 49.26 49.58 47.90

Race (%) <0.001

 � Mexican American 15.29 15.86 12.87

 � Other Hispanic 42.21 41.11 46.90

 � Non-Hispanic White 20.71 20.17 23.00

 � Non-Hispanic Black 10.52 10.92 8.79

 � Other races 11.27 11.94 8.44

Education (%) <0.001

 � Less than 9th grade 10.30 9.21 14.99

 � 9–11th grade 13.90 13.43 15.91

 � High school graduate 22.89 22.54 24.40

 � Some college 29.71 30.22 27.54

 � College graduate or above 23.19 24.60 17.16

Marital (%) <0.001

 � Married/Living with partner 59.49 60.77 53.98

 � Divorced/Separated/Widowed 22.41 19.42 35.21

 � Never married 18.10 19.80 10.81

Vigorous activity (%) <0.001

 � No 79.94 78.41 86.50

 � Yes 20.06 21.59 13.50

Moderate activity (%) <0.001

 � No 62.67 60.93 70.12

 � Yes 37.33 39.07 29.88

Alcohol (%) <0.001

(Continued)
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Supplementary Figure S2. Specifically, the dose–response relationship 
indicates that higher levels of DI-GM are correlated with a lower 
prevalence of CKD.

3.4 Subgroup and interaction analysis

Our findings indicate that sex significantly influenced the 
relationship under investigation (Supplementary Figure S3). Specifically, 
the stratified analysis revealed notable differences in effects based on 
sex, with a p-value of 0.043 for the interaction, and the association was 
more pronounced in female. No other significant interactions were 
observed among the other variables.

3.5 Sensitivity analysis

Based on the dietary information collected on day two for 
DI-GM, the logistic regression analysis revealed consistent 
results, demonstrating a negative association between the two 
(Supplementary Table S3).

4 Discussion

This study utilized NHANES data from 2007 to 2018, 
encompassing a sample of 28,843 adults, to evaluate the association 

between DI-GM and the prevalence of CKD. Baseline characteristics 
of the study population indicated that patients with CKD had a 
higher median age and a greater proportion of individuals with 
high BMI, HBP, and diabetes. The results demonstrated a linear 
negative association between DI-GM and the prevalence of CKD, 
with sex influencing this relationship. Additionally, higher scores 
of beneficial to gut microbiota were significantly associated with a 
lower prevalence of CKD. Furthermore, specific dietary 
components within the beneficial to gut microbiota, such as dietary 
fiber, coffee, and whole grains, exhibited potential protective effects 
against CKD.

The above mentioned results underscore the critical role of 
healthy intestinal flora in preserving kidney health. Recent research 
suggests that an imbalance in intestinal flora can lead to increased 
production of uremic toxins, such as indoxyl sulfate and p-cresol 
sulfate (12). These toxins are detrimental to renal tubular cells and 
exacerbate CKD progression by promoting systemic inflammation 
(13, 14). Studies have shown that CKD patients experience a marked 
reduction in intestinal flora diversity, with this imbalance closely 
linked to elevated urinary toxin production (15). Moreover, a high 
DI-GM dietary pattern, which is abundant in dietary fiber and 
prebiotics, promotes the production of short-chain fatty acids 
(SCFAs), such as butyrate. These metabolites have been 
demonstrated to exert anti-inflammatory effects by inhibiting 
pro-inflammatory cytokines, including TNF-α and IL-6, and by 
mitigating oxidative stress (16, 17). Andrade-Oliveira et  al. 
emphasized that butyrate plays a vital regulatory role in the 

TABLE 1  (Continued)

Variables All

(n=28843)

Chronic kidney diseases p-value

No
(n=23382)

Yes
(n=5461)

 � Never 14.15 13.26 18.05

 � Former 15.83 13.71 25.15

 � Yes 70.02 73.03 56.80

Smoke (%) <0.001

 � Never 55.44 56.62 50.41

 � Former 24.32 22.35 32.77

 � Yes 20.23 21.03 16.82

Diabetes (%) <0.001

 � No 71.82 76.98 49.75

 � Borderline 8.58 8.59 8.55

 � Yes 19.60 14.43 41.70

HBP (%) <0.001

 � No 56.63 63.50 27.23

 � Yes 43.37 36.50 72.77

CVD (%) <0.001

 � No 88.69 92.50 72.37

 � Yes 11.31 7.50 27.63

Cancer (%) <0.001

 � No 90.31 92.23 82.08

 � Yes 9.69 7.77 17.92

*Mean + SD for continuous variables, and p value was calculated by weighted t test. % for categorical variables, and p value was calculated by weighted chi-square test. SD, Standard Deviation; 
BMI, Body Mass Index; PIR, Poverty Income Ratio; CVD, Cardiovascular Disease; HBP, Hypertension; DI-GM, dietary index for gut microbiota.
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gut-kidney axis, particularly in cases of ischemia–reperfusion-
induced acute kidney injury, suggesting that SCFA production may 
help delay disease progression in CKD patients (18). This finding 

indicates that enhancing DI-GM scores, for instance, through 
increased dietary fiber intake, could offer renal protection for CKD 
patients. Clinically, improving the DI-GM score may contribute to 

FIGURE 1

The distributions of dietary index for gut microbiota (DI-GM) components by categories of chronic kidney diseases (CKD).

TABLE 2  Association between DI-GM and the prevalence of CKD in the adults.

Variables (%) Non-adjusted model* Minimally-adjusted model** Fully-adjusted model***

OR (95%CI) p OR (95%CI) p OR (95%CI) p

DI-GM 0.964 (0.946, 0.982) <0.001 0.919 (0.901, 0.937) <0.001 0.958 (0.936, 0.980) <0.001

Category of DI-GM

 � ≤3 Ref Ref Ref

 � >3, and ≤ 4 0.912 (0.839, 0.991) 0.030 0.887 (0.810, 0.971) 0.009 0.938 (0.845, 1.042) 0.235

 � >4, and ≤ 5 0.924 (0.849, 1.006) 0.070 0.848 (0.773, 0.930) <0.001 0.939 (0.844, 1.044) 0.245

 � >5 0.863 (0.795, 0.936) <0.001 0.699 (0.639, 0.764) <0.001 0.837 (0.754, 0.928) <0.001

P for trend 0.001 <0.001 0.001

Beneficial to gut 

microbiota

0.894 (0.874, 0.915) <0.001 0.878 (0.857, 0.900) <0.001 0.923 (0.897, 0.950) <0.001

Unfavorable to gut 

microbiota

1.095 (1.064, 1.126) <0.001 1.002 (0.973, 1.033) 0.876 1.022 (0.987, 1.059) 0.220

CI, confidence interval; OR, odds ratio; CKD, chronic kidney diseases; DI-GM, dietary index for gut microbiota.
*Non-adjusted model adjusts for none.
**Minimally-adjusted model adjusts for age, sex, race, body mass index, race, poverty income ratio, education, marital.
***Fully-adjusted model adjusts for age, sex, body mass index, race, poverty income ratio, education, marital, alcohol, smoke, hypertension, cardiovascular disease, cancer, diabetes, moderate 
activity, vigorous activity.
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delaying CKD progression. Future studies should further explore the 
potential of SCFAs as prognostic biomarkers for CKD and examine 
the varying protective effects of different types of intestinal 
flora on CKD.

This study found that sex significantly moderates the relationship 
between DI-GM and CKD, and a high DI-GM diet offers a more 
pronounced protective effect against CKD in women, potentially linked 
to estrogen’s role in regulating intestinal flora and barrier function. Gomez 
et  al. highlighted that estrogen enhances the intestinal barrier by 
upregulating tight junction proteins, such as occludin, which reduces the 
production of pro-inflammatory uremic toxins and mitigates kidney 
damage (19, 20). Furthermore, women typically exhibit greater diversity 
in gut microbiota, which may enhance the benefits derived from a high 
DI-GM diet (21, 22). In contrast, men often favor high-fat and high-
protein diets, which can disrupt bacterial balance and elevate 
pro-inflammatory bacteria, thereby diminishing the protective effects of 
DI-GM (23, 24). This study underscores the importance of considering 
sex differences in the dietary management of CKD patients, particularly 
for women who may experience greater advantages from a high DI-GM 
diet. Future personalized strategies should be developed to address these 
sex-specific dietary needs. Additionally, further research is warranted to 
elucidate the mechanisms by which estrogen contributes to intestinal 
barrier integrity and renal protection, thereby providing a more precise 
foundation for nutritional interventions targeting female CKD patients.

This study also analyzed the role of specific food components 
in dietary interventions for CKD and found that dietary fiber, 
coffee, and whole grains significantly contribute to kidney 
protection. As a prebiotic, dietary fiber promotes the proliferation 

of beneficial bacteria, such as Bifidobacteria, produces SCFAs, 
reduces pro-inflammatory factors, and enhances the intestinal 
environment (25). Research highlighted that dietary fiber intake 
is significantly associated with slowing the progression of CKD, 
with its mechanism closely linked to the improvement of bacterial 
flora diversity and the anti-inflammatory effects of dietary fiber 
(26). Furthermore, whole grain consumption has been shown to 
lower levels of chronic inflammatory markers, such as C-reactive 
protein, while improving metabolic health (27). Antioxidant 
components, such as polyphenols found in coffee, are also 
recognized for their protective effects against CKD. Research 
indicated that moderate coffee intake is associated with a 
deceleration in the progression of CKD, further corroborating the 
anti-inflammatory effects of coffee (28–30). This study provides 
specific guidance for the dietary management of CKD patients, 
suggesting that increasing the intake of dietary fiber, whole 
grains, and moderate amounts of coffee may enhance kidney 
protection. Future research should further explore the specific 
protective effects of these dietary components on CKD to 
optimize dietary strategies for renal health.

This study presents both strengths and weaknesses. It utilizes 
the NHANES large-scale database, which boasts a substantial 
sample size and broad representativeness, thereby enhancing the 
feasibility and generalizability of the results. Additionally, the 
study is noteworthy for being the first to analyze the correlation 
between DI-GM and CKD, providing a novel reference point for 
dietary interventions in CKD patients. However, the cross-
sectional design of this study presents challenges in establishing 

TABLE 3  Association between the components of DI-GM and the prevalence of CKD in the adults.

HEI-2015 
Components

Non-adjusted model* Minimally-adjusted model** Fully-adjusted model***

OR (95%CI) p OR (95%CI) p OR (95%CI) p

Beneficial to gut microbiota

Avocado 0.505 (0.404, 0.631) <0.001 0.752 (0.589, 0.961) 0.023 0.866 (0.670, 1.119) 0.272

Broccoli 0.855 (0.766, 0.955) 0.006 0.934 (0.822, 1.061) 0.291 1.001 (0.873, 1.148) 0.989

Chickpea 0.751 (0.552, 1.022) 0.068 0.970 (0.670, 1.404) 0.871 0.923 (0.621, 1.373) 0.694

Coffee 1.063 (0.997, 1.133) 0.063 0.844 (0.782, 0.910) <0.001 0.843 (0.776, 0.915) <0.001

Cranberry 0.962 (0.847, 1.091) 0.545 1.060 (0.914, 1.229) 0.441 1.087 (0.924, 1.278) 0.315

Fermented dairy 0.689 (0.647, 0.733) <0.001 0.960 (0.892, 1.033) 0.271 0.949 (0.877, 1.027) 0.191

Fiber 0.754 (0.711, 0.800) <0.001 0.806 (0.751, 0.864) <0.001 0.821 (0.761, 0.885) <0.001

Green tea 0.883 (0.807, 0.965) 0.006 0.922 (0.833, 1.020) 0.114 0.921 (0.827, 1.027) 0.139

Soybean 0.855 (0.785, 0.931) <0.001 0.927 (0.842, 1.022) 0.129 0.938 (0.845, 1.041) 0.230

Whole grains 1.064 (0.997, 1.135) 0.063 0.880 (0.815, 0.949) <0.001 0.865 (0.796, 0.939) <0.001

Unfavorable to gut microbiota

Processed meat 0.973 (0.909, 1.042) 0.433 0.966 (0.892, 1.046) 0.392 0.986 (0.905, 1.074) 0.743

Red meat 1.111 (1.045, 1.180) <0.001 0.990 (0.923, 1.062) 0.778 0.993 (0.921, 1.072) 0.864

Fat 0.928 (0.867, 0.993) 0.031 1.008 (0.932, 1.091) 0.840 1.042 (0.957, 1.135) 0.341

Refined grains 1.462 (1.377, 1.552) <0.001 1.058 (0.987, 1.135) 0.114 1.062 (0.984, 1.145) 0.121

CI, confidence interval; OR, odds ratio.
*Non-adjusted model adjusts for none.
**Minimally-adjusted model adjusts for age, sex, race, body mass index, race, poverty income ratio, education, marital.
***Fully-adjusted model adjusts for age, sex, body mass index, race, poverty income ratio, education, marital, alcohol, smoke, hypertension, cardiovascular disease, cancer, diabetes, moderate 
activity, vigorous activity.
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a causal relationship between the two variables. Furthermore, the 
NHANES database lacks specific data on intestinal flora, which 
limits further investigation into the role of intestinal 
microorganisms in the mechanisms underlying CKD. Future 
research should incorporate longitudinal studies alongside 
microbiome technologies to elucidate the long-term effects of 
DI-GM on intestinal flora regulation and the protection of 
renal function.

5 Conclusion

This study provides compelling evidence that higher DI-GM 
scores are associated with a reduced prevalence of CKD in adults, 
with the protective effect being more pronounced in women than 
in men. Our findings highlight the significant contributions of 
beneficial dietary components, such as dietary fiber, whole grains, 
and coffee, which are integral to a gut-healthy diet. These results 
suggest that enhancing gut health through diet may serve as a 
viable strategy for the prevention and management of CKD, 
particularly by focusing on sex-based differences in prevention 
efforts. Future prospective cohort studies and microbiome 
analyses are warranted to further elucidate the role of gut 
microbiota in the progression of CKD and to support the 
development of more precise, individualized dietary 
intervention strategies.
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inflammatory index in adults and 
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Institute of Vascular Medicine, Peking University Third Hospital, Beijing, China, 3 State Key Laboratory 
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Background: Previous studies have shown that pro-inflammatory diets increase 
the risk of coronary heart disease (CHD) and all-cause mortality. The dietary 
inflammatory index (DII) is a quantitative measure of dietary inflammation, and 
its accuracy has been validated by several studies.

Methods: This study included 43,842 participants aged ≥18 years from the 
National Health and Nutrition Examination Survey (NHANES) 1999–2018. The 
data of CHD was obtained through a questionnaire survey, and the DII was 
calculated using 24-h dietary recall data. Generalized linear models and logistic 
regression were used to determine the mediation factors, and subgroup analyses 
were conducted to evaluate the interaction between DII and CHD. Mean 
decrease in Gini (MDG) was used to determine the importance of individual 
dietary components.

Results: The age of the participants was 49.81 ± 18.10 years, with 20,793 (47.4%) 
being male. A total of 1,892 (4.3%) participants were diagnosed with CHD, 
and the median DII score was 1.33 (0.11, 2.40). After adjusting for potential 
confounders, logistic regression analysis revealed that DII independently 
associated with CHD [OR: 1.049 (1.012–1.087), p = 0.008]. Triglyceride-glucose 
index, visceral adiposity index, body mass index, waist-to-height ratio, high-
density lipoprotein, and glomerular filtration rate (all p < 0.05) may mediate the 
relationship between DII and CHD. Subgroup analyses showed that DII was more 
sensitive in participants aged <75 years (p < 0.001), females (p = 0.028), those 
with low cholesterol levels (p = 0.004), and individuals with low Framingham 
risk scores (p = 0.005). MDG analysis indicated that carbohydrate, vitamin C and 
iron intake have the greatest impact on CHD.

Conclusion: This study suggests that various metabolic and lipid indicators play 
a mediating role in the relationship between DII and CHD. DII may have a greater 
adverse impact on traditional low-risk CHD populations.

KEYWORDS

dietary inflammatory index, coronary heart disease, National Health and Nutrition 
Examination Survey, mediating factors, interaction
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1 Introduction

Coronary heart disease (CHD) is characterized by accumulation 
of lipids and fibrous tissue in the intima of the arterial wall, smooth 
muscle cell proliferation, and local and systemic inflammatory 
responses (1). CHD poses a giant threat to health. In the United States, 
approximately 20.1 million individuals are diagnosed with CHD (2). 
Despite recent advances in treatment, it remains one of the leading 
causes of death globally (3). The complex pathophysiological 
mechanisms of CHD present a significant challenge to improving 
patient outcomes. Studies have shown that inflammation plays a key 
role in the onset and progression of CHD (4). It is involved in several 
stages of atherosclerosis initiation and progression, plaque rupture, 
ischemia–reperfusion injury, and ventricular remodeling (4).

Healthy dietary habits, such as the Mediterranean diet, high-fiber 
diets, and plant-based diets, have been shown to be associated with 
lower systemic inflammation levels. The dietary inflammatory index 
(DII), first proposed by Cavicchia et al. (5), is used to quantitatively 
assess the inflammatory potential of diet. The DII is based on 45 
different anti-inflammatory and pro-inflammatory food components. 
A positive DII score indicates a pro-inflammatory effect, while a 
negative score indicates an anti-inflammatory effect. The higher the 
score, the more pronounced the pro-inflammatory effect. An 
increasing body of evidence has described a certain correlation 
between higher DII and elevated levels of inflammatory markers, such 
as hypersensitive C-reactive protein (hsCRP), tumor necrosis factor-α 
(TNF-α) and interleukin-6 (IL-6) (6–8).

Current research suggests that the DII is associated with 
subclinical atherosclerosis. DII in patients with CHD was significantly 
higher than in those without CHD (9). A 36-month follow-up study 

found a positive association between DII and the risk of 
atherosclerosis-related mortality [HR: 1.36(1.15–1.60)] (10). 
Additionally, DII was positively associated with all-cause mortality 
risk in CHD patients, particularly among women (11). However, 
current studies have not explored the interaction between DII and 
traditional risk factors, nor have they investigated potential mediating 
factors between DII and CHD. Due to the inclusion of multiple 
variables, guiding patients on diet based on DII becomes 
more complex.

Therefore, this study aims to explore the correlation between DII 
and CHD, as well as traditional risk factors, further analyze mediating 
factors and interactions, and rank the importance of dietary 
components to enhance the practicality in clinical settings.

2 Methods

2.1 Study design and population

The National Health and Nutrition Examination Survey 
(NHANES) is a research project aimed at assessing the health and 
nutritional status of United States. The survey used scientific sampling 
methods and annually collected data from approximately 5,000 
individuals from 15 counties, representing the national population. 
The inclusion criteria for this study were: (1) participants in NHANES 
surveys from 1999 to 2018; (2) age ≥ 18 years. The exclusion criteria 
were: (1) missing key variables regarding the presence of CHD; (2) 
missing dietary data required for the calculation of the DII. Ultimately, 
43,842 participants were included in this study. The detailed 
participant inclusion process was shown in Figure 1. The NHANES 

FIGURE 1

Flowchart of the study population.
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study was approved by the Institutional Review Board of the National 
Center for Health Statistics, and all participants provided written 
informed consent.

2.2 Dietary inflammatory index (DII)

The DII was calculated based on individual dietary components, 
with dietary data collected through 24-h dietary recall interviews in 
NHANES. For the 1999–2002, only 1 day’s dietary component records 
were included, and from 2003 to 2018, the average of 2 days of dietary 
data was used. The two dietary recall data collections were conducted 
separately: the first was carried out at the Mobile Examination Center, 
while the second was collected via telephone 3 to 10 days later. This 
approach helps provide a more comprehensive evaluation of each 
participant’s dietary habits. The calculation of the DII requires 45 
dietary components; however, due to limitations in NHANES data 
collection, this study included 28 dietary components for DII 
calculation, which are: alcohol, vitamin B12, vitamin B6, β-carotene, 
caffeine, carbohydrate, cholesterol, energy, total fat, fiber, folic acid, 
iron, magnesium, monounsaturated fatty acid, niacin, n-3 fatty acid, 
n-6 fatty acid, protein, polyunsaturated fatty acid, riboflavin, saturated 
fat, selenium, thiamine, vitamin A, vitamin C, vitamin D, vitamin E, 
and zinc. Previous studies have shown that using fewer than 30 dietary 
components for DII calculation does not significantly affect its 
accuracy (6, 12). Even a DII calculation that incorporates 28 dietary 
components has a strong predictive ability for high CRP levels [OR 
1.10 (1.02–1.19)] (6). The DII calculation formula is as follows:

	
     Z score

 
daily mean intake global daily mean intake

standard deviation
−

=

Convert the Z-score to a percentile score and then standardize it

	 ( )Z score Z score percentile score 2 1′ = × −

	 ( )DII Z score inflammation effect score′= ∑ ×

2.3 Outcome definition

The data of CHD was collected from the NHANES interview, 
where each question was standardized and administered by trained 
professionals. CHD was defined as “Has a doctor or other health 
professional ever told you  that you  had coronary heart disease? 
(MCQ160C).”

2.4 Covariates

The following variables were extracted from the NHANES: age, 
sex, race, education level, smoking, hypertension, diabetes, body mass 
index (BMI), glomerular filtration rate (GFR), total cholesterol, 
triglycerides, high-density lipoprotein (HDL), low-density lipoprotein 
(LDL), and hemoglobin A1c. Smoking was defined as having smoked 

more than 100 cigarettes in one’s lifetime. Biochemical parameters 
were evaluated using a standardized methodology detailed in the 
NHANES Laboratory/Medical Technologist Procedure Manual 
(CDC: NHANES Laboratory/Medical Technologists Procedures 
Manual, Atlanta, GA, CDC, 2001).

The triglyceride-glucose index (TyG) is defined as ln[triglycerides 
(mg/dL)/fasting glucose (mg/dL)/2]. The Waist-to-Height Ratio 
(WHtR) is defined as waist circumference (cm)/height (cm). The 
Framingham score, first proposed in 2008 to assess cardiovascular 
disease risk, was updated in 20151 (13). The formula for the visceral 
adiposity index (VAI) is as follows:

	 ( ) ( ) 1.31VAI Male
39.68 1.88 1.03

waist circumference TG
BMI HDL

= × ×
+ ×

	 ( ) ( ) 1.52VAI Female
36.58 1.89 0.81

waist circumference TG
BMI HDL

= × ×
+ ×

2.5 Statistical methods

Due to the complexity of NHANES sampling, weighted regression 
models were used with WTDRD1 and WTDR2D as weights. All 
participants were divided into three groups based on the tertiles of the 
DII. Normally distributed continuous data were expressed as means 
± standard deviations, and differences between the three groups were 
examined using one-way ANOVA. Non-normally distributed 
continuous data were expressed as medians (Q1, Q3) and compared 
using the Kruskal-Wallis H test. For continuous variables, effect sizes 
were calculated using Cohen’s F, and post hoc comparisons were 
performed using the Newman–Keuls method. Categorical data were 
presented as counts and percentages and were compared using the 
chi-squared test, with Cramér’s V employed to assess effect sizes and 
calculating pairwise comparisons between pairs of proportions with 
bonferroni correction for multiple testing. The relationship between 
DII and traditional cardiovascular risk factors was assessed using 
restricted cubic splines (RCS). The association between DII and CHD 
was explored using multivariable logistic regression models, with DII 
as both continuous and categorical variable to evaluate the robustness 
of the results.

In exploring the mediating factors in the association between DII 
and CHD, two models were constructed. The first is the mediator 
model, using generalized linear models (GLM) to fit the Gaussian 
distribution (linear regression with an identity link function) between 
DII and potential mediators, while controlling for potential 
confounders. The second is the outcome model, which uses both GLM 
and logistic regression models, incorporating both exposure factors 
and mediators. To ensure the reliability of the results, Bootstrap 
resampling was performed 1,000 time (14). Further subgroup analyses 
were conducted based on age, sex, cholesterol levels, and Framingham 

1  https://www.thecalculator.co/health/Framingham-Risk-Score-Calculator-

for-Coronary-Heart-Disease-745.html
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risk scores to assess whether there are interaction effects between DII 
and these factors. The mean decrease in Gini (MDG) is a commonly 
used method for measuring feature importance in random forest 
models, reflecting the contribution of each dietary component to the 
model’s predictive performance.

Statistical significance was set at p < 0.05. All analyses were 
performed using R version 4.2.0 (R Foundation for Statistical 
Computing, Vienna, Austria). The analysis mainly used the ‘survey’, 
‘plotRCS’, ‘mediation’, and ‘randomForest’ packages.

3 Results

3.1 Characteristics of the study population

A total of 43,842 participants were included in this study, with a 
mean age of 49.81 ± 18.10 years, of whom 20,793 (47.4%) were male. 
Among the participants, 15,310 (34.9%) had hypertension, and 
5,289(12.1%) had diabetes. The DII score was 1.33 (0.11, 2.40). 
Participants were divided into three groups based on the DII tertiles, 
with 14,614 individuals in each group. Significant differences were 
observed between the groups in terms of age, sex, race, education 
level, hypertension, diabetes, CHD, BMI, GFR, total cholesterol and 
HDL (all p < 0.05). The characteristics and effect size data of the three 
groups were shown in Table 1. Pairwise comparisons between the 
three groups were performed (Supplementary Table S1). Further 
comparisons of dietary components between the three groups 
revealed significant differences across all 28 dietary components 
included in this study (all p < 0.001) (Supplementary Tables S2, S3).

3.2 Association between DII and CHD, and 
risk factors

After adjusting for age, sex, race, and education level, the 
relationship between DII, CHD, and common risk factors was 
analyzed using RCS. The knots between 3 and 7 were tested, and the 
model with the lowest Akaike information criterion value was selected 
for the RCS analysis. As shown in Figure 2A, there appears to be a 
J-shaped curve between DII and CHD, with the risk of CHD 
increasing at an accelerating rate as DII rises. The results indicated a 
positive correlation between DII and WHtR, BMI, TyG, and the 
Framingham score (Figures 2B,D–F). DII was negatively correlated 
with HDL (Figure 2C).

3.3 The association between DII and CHD

For confounder adjustment, multivariable logistic regression was 
used to analyze the relationship between DII and CHD. DII was 
analyzed as a continuous variable. Based on previous literature (15) and 
the covariates included in this study, Model 1 did not adjust for any 
covariates; Model 2 adjusted for age, sex, race, and education; Model 3 
adjusted for hypertension, diabetes, smoking, BMI, GFR and total 
cholesterol in addition to the covariates in Model 2. In the unadjusted 
model, a higher DII was significantly associated with an increased risk 
of CHD [OR: 1.057 (1.026–1.089), p < 0.001]. In Model 2, the association 
between DII and CHD remained significant [OR: 1.065 (1.031–1.101), 

p < 0.001]. In Model 3, the correlation between DII and CHD continued 
to exist [OR: 1.049 (1.012–1.087), p = 0.008]. When DII was categorized 
into lower, middle, and higher DII groups, the analysis results remained 
consistent [OR: 1.095 (1.024–1.171), p = 0.008] (Table 2).

3.4 Mediators between DII and CHD

Given the correlation between DII and traditional CHD risk 
factors, further analysis of the mediators between DII and CHD was 
conducted after adjusting for age, sex, race, and education level. The 
average direct effect (ADE) represents the direct effect of DII on the 
outcome variable without mediation, while the average causal 
mediation effect (ACME) represents the indirect effect of DII on the 
outcome variable through mediators. The results indicated that DII 
indirectly increases the risk of CHD by elevating TyG, VAI, BMI, and 
WHtR. Additionally, DII was found to increase the risk of CHD by 
lowering HDL and GFR (Figure 3). However, since this study is cross-
sectional, causality still needs to be  confirmed through further 
longitudinal research.

3.5 The impact of DII on CHD in different 
subgroups

To further explore the role of DII in different populations, 
subgroup analyses were performed based on age (≥75 years vs. 
<75 years), sex, cholesterol levels (≥5.2 mmol/L vs. <5.2 mmol/L), and 
Framingham risk score. After adjusting for sex, race, and education 
level, the subgroup aged <75 years showed higher sensitivity to DII (p 
for interaction <0.001). When adjusted for age, race, and education 
level, a stronger association between DII and CHD was observed in 
females (p for interaction = 0.028). In the Framingham risk groups, 
individuals with a 10-year heart disease risk >10% were classified as 
high-risk (men ≥12 points, women ≥20 points). Further analysis 
showed that, after adjusting for age, sex, race, and education level, 
individuals with low cholesterol levels (p for interaction = 0.004) and 
those in the Framingham low-risk group (p for interaction = 0.005) 
were more sensitive to DII (Figure 4).

3.6 Contribution of dietary components to 
CHD

To assess the contribution of dietary components to CHD, 
we used a random forest model to calculate the MDG for each dietary 
component. The larger the MDG value, the greater the contribution 
of that dietary component to the model’s performance. The results 
showed that the top 5 dietary components contributing the most to 
CHD were carbohydrate, vitamin C, iron, vitamin A and caffeine, 
while the bottom 3 components were vitamin D, alcohol, and 
monounsaturated fatty acids (Figure 5).

4 Discussion

This study, which included 43,842 participants from the NHANES 
between 1999 and 2018, showed the association between the DII and 
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CHD, and explored the potential mediating factors and interactions. 
The results showed that: (1) After adjusting for multiple variables, DII 
remained independently associated with CHD. (2) DII may 
be associated with CHD through its impact on factors such as TyG, 
VAI, BMI, WHtR, HDL and GFR. (3) The association between DII 
and CHD was more sensitive in individuals aged <75 years, females, 
those with low cholesterol levels, and those in the low-risk 
Framingham score group. (4) Among the 28 dietary components 

analyzed in this study, carbohydrate, vitamin C and iron were found 
to have the greatest association on CHD.

CHD is a chronic inflammatory disease influenced by various 
factors. The DII is an inflammation indicator based on dietary 
components, and studies have shown that DII is correlated with 
multiple inflammatory markers in the body (6–8, 16). Previous 
research has also confirmed the association between DII and CHD 
(9). In this study, despite adjusting for age, sex, race, education level, 

TABLE 1  The characteristics of participants from the 1999–2018 NHANES.

Variate Overall 
(N = 43,842)

DII Tertile 1 
(N = 14,614)

DII Tertile 2 
(N = 14,614)

DII Tertile 3 
(N = 14,614)

p Effect 
size*

Age, years 49.81 ± 18.10 48.66 ± 17.57 49.54 ± 18.14 51.22 ± 18.49 <0.001 0.057

Sex, male 20,793 (47.4%) 8,912 (61.0%) 6,875 (47.0%) 5,006 (34.3%) <0.001 0.219

Race <0.001 0.079

 � Mexican 

American
7,595 (17.3%) 2,356(16.1%) 2,656 (18.2%) 2,583 (17.7%)

 � Other Hispanic 3,455 (7.9%) 978 (6.7%) 1,093 (7.5%) 1,384 (9.5%)

 � Non-Hispanic 

White
20,134 (45.9%) 7,485 (51.2%) 6,729 (46.0%) 5,920 (40.5%)

 � Non-Hispanic 

Black
9,147 (20.9%) 2,488 (17.0%) 2,977 (20.4%) 3,682 (25.2%)

 � Other Race 3,511 (8.0%) 1,307 (8.9%) 1,159 (7.9%) 1,045 (7.2%)

Education level <0.001 0.138

 � No high school 

diploma
4,932 (11.2%) 1,059(7.2%) 1,655 (11.3%) 2,218 (15.2%)

 � Some high school 6,399 (14.6%) 1,694 (11.6%) 2072 (14.2%) 2,633 (18.0%)

 � High school 

graduate
10,159 (23.2%) 3,047 (20.8%) 3,414 (23.4%) 3,698 (25.3%)

 � Some college/

associate degree
12,556 (28.6%) 4,261 (29.2%) 4,260 (29.2%) 4,035 (27.6%)

 � Bachelor’s degree 

or higher
9,747 (22.2%) 4,545 (31.1%) 3,188 (21.8%) 2014 (13.8%)

Smoking 19,991 (45.6%) 6,639 (45.4%) 6,667 (45.6%) 6,685 (45.7%) 0.859 0.003

Hypertension 15,310 (34.9%) 4,588 (31.4%) 5,002 (34.2%) 5,720 (39.1%) <0.001 0.068

Diabetes 5,289 (12.1%) 1,421 (9.7%) 1729 (11.8%) 2,139 (14.6%) <0.001 0.062

CHD 1892 (4.3%) 580 (4.0%) 613 (4.2%) 699 (4.8%) 0.002 0.017

BMI, kg/m2 29.06 ± 6.79 28.40 ± 6.43 29.15 ± 6.76 29.64 ± 7.12 <0.001 0.076

GFR, mL/

min/1.73 m2
94.49 ± 24.96 95.85 ± 23.17 94.85 ± 24.94 92.72 ± 26.58 <0.001 0.051

Cholesterol, mmol/L 4.99 (4.32, 5.74) 4.99 (4.32, 5.72) 5.02 (4.34, 5.77) 4.97 (4.29, 5.72) 0.001 0.018

HDL, mmol/L 1.37 ± 0.42 1.38 ± 0.42 1.37 ± 0.42 1.36 ± 0.41 <0.001 0.022

LDL, mmol/L 3.00 ± 0.93 2.98 ± 0.90 3.01 ± 0.95 3.01 ± 0.95 0.073 0.016

HbA1c, % 7.0 (6.1, 8.0) 7.0 (6.1, 7.8) 7.0 (6.2, 7.7) 7.0 (6.1, 8.0) 0.857 0.026

TyG 8.66 ± 0.68 8.62 ± 0.69 8.66 ± 0.68 8.69 ± 0.67 <0.001 0.042

WHtR 0.59 ± 0.10 0.58 ± 0.09 0.59 ± 0.10 0.61 ± 0.10 <0.001 0.12

VAI 0.044 (0.026, 0.077) 0.041 (0.024, 0.074) 0.044 (0.026, 0.076) 0.047 (0.028, 0.081) <0.001 0.03

Framingham score 12 (5, 16) 11 (4, 15) 12 (5, 16) 13 (6, 17) <0.001 0.094

*For continuous variables, effect sizes were calculated using Cohen’s f, and for categorical variables, effect sizes were calculated using Cramér’s V. DII, dietary inflammatory index; CHD, 
coronary heart disease; BMI: body mass index; GFR, glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TyG, triglyceride-glucose index; WHtR, waist-to-
height ratio; VAI, visceral adiposity index.
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FIGURE 2

Restricted cubic spline analysis of the association between dietary inflammation index and coronary heart disease and its risk factors (A) coronary heart 
disease; (B) body mass index; (C) high-density lipoprotein; (D) waist-to-height ratio; (E) triglyceride and glucose index; (F) Framingham score. A 
restricted cubic spline model was calculated after adjusting for age, sex, race and education level.
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and traditional cardiovascular risk factors, DII remained 
independently associated with CHD. Prior studies showed that higher 
DII in CHD patients is associated with significantly reduced plaque 
stability, indicating that anti-inflammatory diets may play an 
important protective role in the pathogenesis of CHD (17).

In this study, TyG, VAI, BMI, WHtR, HDL, and GFR may serve 
as mediators in the relationship between DII and CHD. TyG index is 
a well-established indicator of insulin resistance and has been shown 
to effectively predict the risk of various cardiovascular diseases, 
including CHD, atherosclerosis, and stroke (18, 19). Pro-inflammatory 
diets elevate circulating inflammatory cytokines (e.g., TNF-α, IL-6), 
which impair insulin signaling in adipose tissue, muscle, and liver. 
Chronic insulin resistance directly damages vascular endothelial cells 

and smooth muscle cells, promoting atherosclerotic plaque formation 
(20). Additionally, excessive reactive oxygen species and harmful 
glycation products generated by hyperglycemia contribute to chronic 
inflammation, further amplifying the risk of CHD (21). Shu et al. (22) 
reported that DII was positively correlated with fasting glucose, fasting 
insulin, and the homeostasis model assessment of insulin resistance. 
Furthermore, a cohort study further suggested that the relationship 
between pro-inflammatory diets and nonfatal cardiovascular diseases 
was partially mediated by TyG (23).

VAI, BMI, and WHtR are indicators of visceral adiposity and 
obesity, and they exhibit strong associations with CHD and all-cause 
mortality (24, 25). Pro-inflammatory diets, such as high-fat diets, 
activate the pro-inflammatory factor NF-κB by inducing endoplasmic 

TABLE 2  The association between DII and CHD in different logistics models.

DII as a continuous variablea DII as a nominal variableb

OR 95% CI p OR 95% CI p

Model 1 1.057 1.026–1.089 < 0.001 1.104 1.043–1.168 < 0.001

Model 2 1.065 1.031–1.101 < 0.001 1.116 1.050–1.188 < 0.001

Model 3 1.049 1.012–1.087 0.008 1.095 1.024–1.171 0.008

Model 1: Crude. Model 2: Adjusted for Model 1, age, sex, race and education. Model 3: Adjusted for Model 2, hypertension, diabetes, smoking, body mass index, glomerular filtration rate, and 
total cholesterol. OR, odds ratio; CI confidence interval.
aOR was examined by per 1-unit increase of DII.
bdivided into lower, middle, and higher DII groups based on the tertiles of the DII distribution.

FIGURE 3

Mediators of the association between dietary inflammation index and coronary heart disease. Arrows and rounded heads indicate promotion and 
inhibition, respectively. The model was calculated after adjusting for age, sex, race and education level. ACME, average causal mediation effects; ADE, 
average direct effects. TyG, triglyceride-glucose index; HDL, high-density lipoprotein cholesterol; GFR, glomerular filtration rate; VAI, visceral adiposity 
index; BMI, body mass index; WHtR, waist-to-height ratio. (A) TyG, (B) HDL, (C) GFR, (D) VAI, (E) BMI, (F) WtHR.

86

https://doi.org/10.3389/fnut.2025.1564580
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Xu et al.� 10.3389/fnut.2025.1564580

Frontiers in Nutrition 08 frontiersin.org

FIGURE 4

Subgroup analysis in the relationship between dietary inflammation index and coronary heart disease. *, adjusting for sex, race and education level; **, 
adjusting for age, race and education level; ***, adjusting for age, sex, race and education level. (A) Different age group, (B) Sex group, (C) Different 
cholesterol group, (D) Different framinghan risk group.

reticulum (ER) stress and promoting the interaction of TLR4 and 
TLR2. Oxidative stress in the ER plays a critical role in initiating 
inflammation and metabolic disorders, further contributing to visceral 
fat accumulation and obesity (26). Moreover, dietary inflammation 
levels may influence gut microbiota composition. Anti-inflammatory 
diets have been shown to lower the proportion of Gram-negative 
bacteria in the gut, strengthen intestinal barrier function, and reduce 
endotoxin levels, thereby mitigating metabolic and inflammatory 
responses (27).

Moreover, pro-inflammatory diets promote inflammatory 
markers (TNF-α and NF-κB) and oxidative stress markers (elevated 
NADPH oxidase activity) in the renal cortex, inducing mesangial cell 
proliferation and the progression of proteinuria, ultimately leading to 
a decline in GFR (28). Chronic kidney disease is often associated with 
lipid metabolism disorders, and the accumulation of toxins in the 
body can directly damage endothelial cells, promote platelet adhesion, 
and contribute to the formation of atherosclerotic plaques (29). Due 

to incomplete and methodologically inconsistent CRP/hsCRP 
measurements in NHANES (1999–2018), CRP was not analyzed as a 
mediator in this study.

Subgroup analyses were conducted to examine the relationship 
between DII and CHD across different CHD risk factors, including 
age, sex, total cholesterol levels, and Framingham risk score, to 
evaluate the robustness of the findings. This study found that elevated 
DII may be more strongly associated with CHD in individuals aged 
<75 years, females, those with low cholesterol levels, and individuals 
at low risk group according to the Framingham score. A prospective 
cohort study involving 155,724 participants, with approximately 
10 years of follow-up, revealed that poor dietary quality was more 
strongly associated with cardiovascular disease in women than in 
men, and DII was also linked to a higher risk of all-cause mortality 
in female CHD patients (11, 30). From Figure 4D, it can be observed 
that when DII is at a low level, the CHD risk in the low-risk group is 
significantly lower compared to the high-risk group. As DII increases, 
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the CHD risk in the low-risk group rises rapidly, ultimately 
approaching that of the high-risk group. This suggests that the impact 
of DII is more sensitive in the low-risk population than in the high-
risk group. One possible explanation is that individuals in the 
low-risk group lack other strong risk factors, making the 
inflammatory response triggered by diet more prominent. 
Additionally, high-risk individuals may have access to more health 
education and lifestyle interventions, thereby reducing their risk of 
CHD. Finally, DII may exert a greater effect in the low-risk group 
through interactions with other metabolic and inflammatory 
markers. Despite adjusting for general demographic characteristics 
(sex, age, race, and education level), potential confounding factors 
may still exist, requiring further validation through prospective 
cohort studies and mechanistic research.

Calculating the DII requires the collection of 45 different 
dietary components, which poses a challenge for both doctors and 
patients in clinical practice. This increases the complexity of 
assessment due to individual differences, dietary habits, and 
measurement errors. In this study, we  used the random forest 
method to rank the contribution of dietary components to CHD 
risk based on their DII. However, this is only a preliminary 
exploration, and further research is needed to assess its feasibility 
and accuracy.

Our study found that carbohydrate, vitamin C and iron were 
the three components with the greatest DII contribution to 

CHD. Carbohydrates are the primary source of energy in the diet. 
A study involving over 10,000 participants, followed for more 
than a decade, found a significant association between 
carbohydrate intake and major adverse cardiovascular events 
(HR: 1.35; 95%CI: 1.07–1.71; p-trend = 0.001) (31). Another 
study from 18 countries showed a non-linear relationship 
between carbohydrate intake and cardiovascular disease mortality 
(32). Vitamin C is a well-known antioxidant. A research has 
shown that the intake of vitamin C is negatively correlated with 
the carotid intima-media thickness in patients with CHD 
(r = −0.113, p = 0.001) (33). Additionally, vitamin C intake is 
positively correlated with plaque stability in these patients and 
may exert its effects by reducing IL-6 and TNF-α, thereby 
inhibiting the inflammatory response in atherosclerosis (34). 
Iron’s DII ranked third in contributing to CHD risk. Iron intake 
has been positively correlated with CRP levels (p trend = 0.03) 
(35). A meta-analysis of 6 prospective studies indicated that 
individuals with higher heme iron intake had a 31% increased 
risk of CHD (36). This suggests that iron intake, particularly 
heme iron, may need to be controlled to reduce inflammation.

Interestingly, alcohol, typically considered a risk factor for CHD, 
ranked second to last in DII contribution. This may be related to the 
relatively low alcohol intake in the study population compared to the 
upper limits recommended in current guidelines. In the United States, 
the recommended alcohol intake limit is 196 g per week for men and 

FIGURE 5

The importance ranking of 28 dietary components in the dietary inflammation index for CHD using random forest. +, pro-inflammatory; −, anti-
inflammatory; GINI, gini index; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids.
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98 g per week for women (37). A J-shaped curve relationship exists 
between alcohol consumption and CHD (38). Recent research has 
found that reducing alcohol consumption can help consistently lower 
cardiovascular disease risk, although a clear threshold for alcohol 
intake remains undefined (39).

4.1 Limitations

This study has several limitations. First, since NHANES is a 
cross-sectional survey, this study cannot determine a causal 
relationship between DII and CHD risk, but only an association 
between the two. Future studies with longitudinal designs are 
needed to better evaluate the impact of DII on CHD risk. Second, 
dietary data were collected using recall methods, which may 
introduce subjective bias and may not accurately reflect long-
term daily dietary intake. However, studies have shown a strong 
correlation between dietary data obtained through food records 
and 24-h recalls (40). Moreover, 24-h recall methods have been 
widely used in dietary intervention trials and national surveys 
(40). Third, the outcome variable in this study was based on self-
reported questionnaires, which are subject to recall bias, 
information bias, and potential misclassification of exposure. 
Although NHANES implements multiple measures to minimize 
recall and information bias during data collection, the possibility 
of data quality issues remains. Lastly, although we adjusted for 
potential confounding factors, the influence of other unmeasured 
confounders on the results cannot be entirely excluded.

5 Conclusion

Higher DII is independently associated with an increased risk of 
CHD, potentially through pathways involving metabolism, lipid levels, 
and kidney function. The impact of DII on CHD is more sensitive in 
individuals with low traditional risk. These findings provide new 
evidence for the role of dietary interventions in reducing CHD 
incidence and lay the groundwork for future cohort studies and 
mechanistic investigations.
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Background: Chronic Obstructive Pulmonary Disease (COPD) is a leading cause 
of global mortality, with systemic inflammation and malnutrition playing pivotal 
roles in its progression and outcomes. The Advanced Lung Cancer Inflammation 
Index (ALI), which integrates nutritional status and systemic inflammation, may 
offer potential prognostic value in COPD management.

Objectives: This study aimed to evaluate the relationship between ALI and 
mortality outcomes in COPD patients, with a specific focus on the interplay 
between nutrition, inflammation, and their non-linear associations with all-
cause and cardiovascular mortality.

Methods: Data were derived from the NHANES (1999–2018) cohort, comprising 
47,880 participants, including 1,960 COPD patients. ALI was calculated 
using body mass index (BMI), serum albumin levels, and the neutrophil-to-
lymphocyte ratio (NLR). Survival analyses, including Kaplan–Meier curves, Cox 
proportional hazards models, and restricted cubic splines, were used to assess 
the association between ALI and mortality outcomes, exploring non-linear 
trends and thresholds.

Results: Higher ALI levels were significantly associated with reduced risks of 
all-cause and cardiovascular mortality in COPD patients. Protective effects 
plateaued at ALI thresholds (88.32 for all-cause mortality and 89.73 for 
cardiovascular mortality), with mortality risks reversing at excessively high levels 
for cardiovascular mortality.

Conclusion: ALI, as a composite marker of nutritional status and systemic 
inflammation, is a valuable prognostic tool for COPD patients. Its non-linear 
relationship with mortality underscores the need to optimize nutritional and 
inflammatory management strategies. These findings emphasize the critical 
importance of addressing malnutrition and systemic inflammation to improve 
COPD outcomes. Future research should validate these findings and investigate 
tailored nutritional interventions and anti-inflammatory treatments.

KEYWORDS

chronic obstructive pulmonary disease, advanced lung cancer inflammation index, 
all-cause mortality, cardiovascular mortality, National Health and Nutrition 
Examination Survey
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a prevalent 
and debilitating condition characterized by persistent respiratory 
symptoms and airflow limitation, with a substantial impact on global 
health. According to the World Health Organization, more than 330 
million individuals worldwide are affected by COPD, which is 
projected to become the third leading cause of mortality by 2030 (1). 
Identifying modifiable factors that can improve long-term outcomes 
for COPD patients is crucial to alleviating the disease burden and 
reducing premature deaths.

Inflammation is a key driver of COPD progression, initiated by 
exposure to harmful particles such as cigarette smoke, air pollution, 
and occupational irritants. These stimuli activate epithelial cells and 
alveolar macrophages in the lungs, leading to the release of 
pro-inflammatory cytokines, including tumor necrosis factor-alpha 
(TNF-α), interleukin-6 (IL-6), and interleukin-8 (IL-8) (2). These 
mediators recruit neutrophils, macrophages, and CD8+ T cells to 
the airways, resulting in tissue damage, airway remodeling, and 
impaired mucociliary clearance. However, focusing solely on 
inflammation without considering the patient’s nutritional status 
may provide an incomplete understanding of its impact on disease 
progression and outcomes. Serum albumin, a critical marker of 
nutritional status and systemic inflammation, often declines in 
COPD patients due to chronic inflammation, oxidative stress, and 
reduced hepatic synthesis. A recent meta-analysis of 26 studies 
found that COPD patients have significantly lower serum albumin 
levels compared to individuals without COPD (3). Additionally, 
individuals with low body mass index (BMI) frequently experience 
muscle wasting and reduced respiratory muscle strength, which 
exacerbate dyspnea and functional limitations. Chronic exposure 
to smoke can accelerate the aging process, resulting in reduced 
body weight and pulmonary aging (4). This acceleration may 
explain the observed strong correlation between low BMI and 
increased mortality in COPD patients. Furthermore, analyses from 
the ECLIPSE cohort, which includes patients with GOLD stage 2–4 
COPD, suggest that the presence of cachexia is a significant 
predictor of mortality in COPD (5). Integrating inflammatory and 
nutritional markers offers a more comprehensive approach to 
predicting outcomes in COPD patients.

The Advanced Lung Cancer Inflammation Index (ALI), which 
combines markers of systemic inflammation and nutritional status, 
has shown promise in predicting outcomes in various conditions, 
including cancer and cardiovascular diseases (6, 7). Its proven 
prognostic value suggests it may also serve as a useful tool for assessing 
long-term prognosis in COPD patients, although its utility in this 
population remains understudied.

This study aims to provide new insights into the determinants of 
long-term prognosis in COPD patients by evaluating the role of 
ALI. By identifying potential intervention strategies, the research 
seeks to improve quality of life and survival outcomes for individuals 
living with COPD.

Methods

This study utilized data from the National Health and Nutrition 
Examination Survey (NHANES), a nationally representative, ongoing 

cross-sectional survey conducted by the National Center for Health 
Statistics (NCHS). NHANES combines structured interviews, physical 
examinations, and laboratory tests to collect comprehensive health 
and nutritional data from the U.S. population. A multistage, stratified 
probability sampling method ensures its representativeness.

Study population

The study initially included 101,316 participants from the 
NHANES 1999–2018 cohort. After excluding 44,207 individuals 
under 18 years old, 57,109 participants remained. Subsequently, 7,435 
participants with missing data on ALI and 1,711 participants with 
missing data on COPD status were removed, leaving 47,963 
participants. Finally, 83 participants with missing survival data were 
excluded, resulting in a final study population of 47,880 participants 
for analysis (Figure 1).

COPD diagnosis

COPD was defined using a combination of spirometry results, 
self-reported medical history, medication usage, and specific risk 
factors. Participants were classified as having COPD if they met any 
of the following criteria: (1) a spirometry-based diagnosis, defined as 
a post-bronchodilator forced expiratory volume in 1 s (FEV₁) to 
forced vital capacity (FVC) ratio of less than 0.7 (FEV₁/FVC < 0.7), 
with spirometry data limited to tests graded as “A” or “B” for reliability; 
(2) a self-reported diagnosis, indicated by answering “yes” to either 
“Have you ever been told by a doctor or other health professional that 
you  had emphysema?” (mcq160g); or (3) a medication-based 
diagnosis, defined as the current use of COPD-specific medications, 
including selective phosphodiesterase-4 inhibitors, mast cell 
stabilizers, leukotriene modifiers, or inhaled corticosteroids, combined 
with being aged 40 years or older and having a history of smoking or 
reported chronic bronchitis symptoms.

Pulmonary function testing and 
assessment of chronic pulmonary 
symptoms

Pulmonary function was assessed through spirometry 
performed in the NHANES Mobile Examination Center (MEC) by 
trained technicians following standardized protocols. Both 
pre-bronchodilator and post-bronchodilator measurements of FEV₁ 
and FVC were recorded, with participants inhaling a bronchodilator 
medication (albuterol) prior to the post-bronchodilator test. The 
quality and validity of the spirometry data were evaluated according 
to American Thoracic Society (ATS) guidelines, and only tests 
graded as “A” (excellent quality) or “B” (good quality) were included 
in the analysis.

Chronic pulmonary symptoms were assessed through a 
standardized questionnaire administered during the NHANES 
interview. Participants were asked the following questions regarding 
respiratory symptoms:

Frequent cough: “Do you  cough on most days for three 
consecutive months or more during the year?”
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Frequent phlegm: “Do you bring up phlegm (thick mucus) on 
most days for three consecutive months or more during the year?”

Past-year wheeze: “Have you had wheezing or whistling in your 
chest at any time in the past 12 months?”

Assessment of ALI

The ALI was assessed as a composite measure reflecting 
nutritional status and systemic inflammation. It comprised three 
components: BMI, serum albumin, and the neutrophil-to-lymphocyte 
ratio (NLR). The index was calculated using the formula: BMI (kg/
m2) × albumin level (g/dL) ÷ NLR, where NLR was determined by 
dividing neutrophil counts by lymphocyte counts. BMI was derived 
from measured height and weight, serum albumin levels were 
obtained from blood samples, and NLR was calculated from complete 
blood count data. Higher ALI values indicated better nutritional 
reserves and lower systemic inflammation. For analysis, ALI was 
categorized into four groups: Minimal (<44.43), Low (44.43–60.92), 
Intermediate (60.92–81.9), and High (>81.9).

Mortality outcomes

Mortality outcomes, including all-cause mortality and 
Cardiovascular disease (CVD)-specific mortality, were determined by 
linking NHANES participant data to the National Death Index (NDI) 
records through December 31, 2019. The NDI provides verified and 
detailed mortality data, including date and cause of death, using 

standardized codes based on the International Classification of 
Diseases, 10th Revision (ICD-10). All-cause mortality was defined as 
death from any cause, while CVD-specific mortality was identified 
using ICD-10 codes I00–I99. Mortality status and follow-up duration 
were calculated from the date of NHANES examination to the date of 
death or the end of the follow-up period.

Covariates definitions

Self-reported sociodemographic characteristics included age (in 
years), gender (male or female), and race/ethnicity (Mexican American, 
Non-Hispanic Black, Non-Hispanic White, Other Hispanic, or Other 
Race, including multiracial individuals). Educational attainment was 
categorized as less than high school, high school or equivalent, or college 
and above. The family income-to-poverty ratio (PIR) was used as a 
measure of socioeconomic status and analyzed as a continuous variable.

Lifestyle factors included smoking status (never, former, or 
current smoker) and alcohol consumption, categorized as never, 
former, mild, moderate, or heavy drinker. Physical activity levels were 
assessed using Metabolic Equivalent of Task (MET) scores, recorded 
in minutes per week, and dietary quality was evaluated using the 
Healthy Eating Index-2015 (HEI-2015), where higher scores indicated 
better adherence to dietary guidelines.

Health-related conditions were determined based on self-reported 
diagnoses, laboratory tests, or clinical measurements. Diabetes 
mellitus (DM) was defined by a self-reported diagnosis, current use of 
insulin or antidiabetic medications, or laboratory findings, including 
fasting plasma glucose levels ≥7.0 mmol/L (126 mg/dL), glycated 

FIGURE 1

Flow chart of study participants.
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hemoglobin (HbA1c) ≥6.5%, or a 2-h plasma glucose 
level ≥ 11.1 mmol/L (200 mg/dL) from an oral glucose tolerance test. 
Hypertension was defined as a self-reported diagnosis, current use of 
antihypertensive medications, or measured systolic blood 
pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg, based 
on the average of three standardized blood pressure measurements 
taken during the NHANES physical examination.

Cancer status was categorized as yes or no based on participants’ 
history of cancer diagnosis. CVD was defined as self-reported 
diagnosis of any of the following: coronary heart disease, angina, 
stroke, myocardial infarction, or heart failure.

Statistical analysis

Survey design and weights recommended by NHANES were applied 
to ensure the national representativeness of the results. Continuous 
variables were presented as means ± standard error. Categorical variables 
were reported as counts (percentages). Baseline characteristics among 
groups were compared using an analysis of variance test for continuous 
variables and the chi-square (χ2) test for categorical variables.

The association between ALI with all-cause and CVD mortality 
was evaluated using Kaplan–Meier survival analysis and Cox 
proportional hazards regression models. Three models were 
constructed for the Cox regression analysis: Model 1: Unadjusted 
crude analysis. Model 2: Adjusted for basic demographic and lifestyle 
factors (e.g., age, sex, race/ethnicity, marital status, family income, 
and educational attainment). Model 3: Fully adjusted for all 
covariates, including comorbidities, e.g., diabetes, hypertension, 
cancer, CVD, smoking status, alcohol consumption, physical activity 
(MET scores), and HEI-2015 scores. Because dividing ALI by 10 
makes the odds ratio (OR) or hazard ratio (HR) more clinically 
interpretable, we divided each participant’s ALI level by 10 and 
included them as continuous variables in the multivariate Cox 
regression analysis.

Subgroup analyses were performed to explore the relationship 
between ALI and CVD mortality in various populations, such as those 
stratified by age, gender, smoking status, and comorbidities. Restricted 
cubic splines were used to investigate potential non-linear 
relationships between ALI with all-cause and CVD mortality.

Additionally, a propensity score matching (PSM) analysis was 
conducted to mitigate confounding effects. COPD patients were matched 
with non-COPD individuals using the nearest neighbor method. The 
balance of baseline covariates after matching was assessed using 
standardized mean differences, and Cox regression analysis was repeated 
in the matched cohort to confirm the robustness of the findings. To 
reduce the potential for reverse causation, sensitivity analyses excluded 
participants who died within the first 2 years of follow-up.

A two-sided p-value <0.05 was considered statistically significant 
for all analyses. All statistical analyses were conducted using R 
software (version 4.4.1; R Foundation for Statistical Computing, 
Vienna, Austria).

Results

In this study, we aimed to explore the relationship between the 
ALI and mortality outcomes in COPD patients. The data analysis 

focused on how ALI, as a combined measure of nutritional status and 
systemic inflammation, correlates with all-cause and CVD mortality. 
To assess these relationships, we  utilized Kaplan–Meier survival 
curves, Cox proportional hazards regression models, and restricted 
cubic splines to investigate both linear and non-linear associations 
between ALI and mortality. We  present the findings from these 
analyses in the following subsections, beginning with baseline 
characteristics and progressing through specific outcomes related to 
COPD severity, lung function, chronic pulmonary symptoms, and 
survival analysis.

Baseline characteristics

The baseline characteristics of the study participants are 
summarized in Table 1. A total of 478,800 participants were included, 
with an average age of 46.99 years (±16.86). The gender distribution 
showed 52% males and 48% females. Significant differences were 
observed across groups in several variables, including age, sex, race/
ethnicity, family income-to-poverty ratio, education level, smoking 
status, and chronic disease prevalence such as diabetes, hypertension, 
cancer, CVD, and COPD.

ALI and COPD

Table 2 displays the association between ALI and COPD. In the 
crude model, a lower ALI category was significantly associated with a 
higher risk of COPD (p for trend = 0.001). After adjusting for age, 
gender, race, marital status, family income, education, smoking status, 
alcohol intake, physical activity, HEI-2015 score, and comorbidities 
(Model 2), this trend was not statistically significant (p = 0.086). 
Compared to the minimal ALI category, the low (OR = 0.81, 95% CI: 
0.69–0.95) and intermediate categories (OR = 0.80, 95% CI: 0.69–
0.93) were associated with reduced odds of COPD, while the high ALI 
category showed a weaker but still significant protective effect 
(OR = 0.85, 95% CI: 0.70–0.98).

ALI and lung function

Supplementary Table S1 examines the relationship between ALI 
and lung function, measured by FVC and FEV1. In the fully adjusted 
model (Model 2), no significant association was observed between 
ALI and either FVC or FEV1. While some improvements in lung 
function were noted in the intermediate ALI group for FEV1 
(β = 54.61, 95% CI: 14.34–94.87), the overall trend was not consistent 
or clinically significant.

ALI and chronic pulmonary symptoms

Supplementary Table S2 presents the relationship between ALI 
and chronic pulmonary symptoms, including frequent cough, 
frequent phlegm, and past-year wheeze. In the fully adjusted model 
(Model 2), no significant associations were observed between ALI 
and these symptoms. While lower ALI categories appeared to show 
reduced odds for frequent cough and phlegm in the crude and 
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TABLE 1  Characteristic of study sample.

Characteristic Overall
N = 478801

Minimal
N = 122641

Low
N = 113231

Intermediate
N = 113741

High
N =129291

p-value2

Age, years 46.99 ± (16.86) 49.85 ± (18.53) 46.82 ± (16.72) 45.93 ± (16.05) 45.34 ± (15.62) <0.001

Sex <0.001

 � Male 24,770 (52%) 6,458 (55%) 5,880 (53%) 5,696 (49%) 6,736 (50%)

 � Female 23,110 (48%) 5,806 (45%) 5,433 (47%) 5,678 (51%) 6,193 (50%)

Race/Ethnicity <0.001

 � Mexican American 8,529 (8.2%) 1899 (6.5%) 2,109 (8.0%) 2,276 (9.2%) 2,245 (9.2%)

 � Non-Hispanic Black 9,625 (11%) 1,549 (6.3%) 1,597 (7.0%) 2031 (9.1%) 4,448 (20%)

 � Non-Hispanic White 21,359 (69%) 6,781 (76%) 5,506 (72%) 4,933 (68%) 4,139 (58%)

 � Other Hispanic 3,976 (5.6%) 878 (4.7%) 974 (5.6%) 1,055 (6.3%) 1,069 (5.9%)

 � Other Race - Including Multi-Racial 4,391 (6.8%) 1,157 (6.9%) 1,127 (6.8%) 1,079 (7.1%) 1,028 (6.5%)

Marital <0.001

 � Never married 8,246 (17%) 1960 (17%) 1964 (17%) 1907 (17%) 2,415 (18%)

 � Married/Living with partner 29,209 (64%) 7,307 (62%) 6,962 (65%) 7,185 (66%) 7,755 (65%)

 � Divorced/Widowed/Separated 10,425 (18%) 2,997 (22%) 2,387 (17%) 2,282 (17%) 2,759 (17%)

Family income poverty ratio 2.99 ± (1.60) 2.96 ± (1.59) 3.04 ± (1.60) 3.06 ± (1.60) 2.92 ± (1.59) <0.001

Education <0.001

 � Less than high school 5,752 (5.9%) 1,423 (5.7%) 1,420 (6.0%) 1,386 (5.9%) 1,523 (6.2%)

 � High school or equivalent 18,158 (35%) 4,734 (36%) 4,174 (34%) 4,209 (34%) 5,041 (37%)

 � College and above 23,970 (59%) 6,107 (58%) 5,719 (60%) 5,779 (60%) 6,365 (57%)

Smoking status <0.001

 � Former 11,877 (25%) 3,303 (25%) 2,759 (24%) 2,734 (25%) 3,081 (25%)

 � Never 26,035 (54%) 6,150 (50%) 6,097 (54%) 6,365 (55%) 7,423 (56%)

 � Now 9,968 (21%) 2,811 (25%) 2,457 (22%) 2,275 (20%) 2,425 (19%)

Drinking status 0.003

 � Former 7,993 (14%) 2,308 (15%) 1757 (13%) 1808 (13%) 2,120 (14%)

 � Mild 9,642 (22%) 2,346 (22%) 2,344 (22%) 2,311 (21%) 2,641 (22%)

 � Moderate 16,487 (37%) 4,233 (37%) 3,996 (38%) 3,887 (37%) 4,371 (36%)

 � Heavy 6,652 (16%) 1,565 (15%) 1,601 (16%) 1,664 (17%) 1822 (16%)

 � Never 7,106 (11%) 1812 (11%) 1,615 (11%) 1704 (12%) 1975 (12%)

(Continued)
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TABLE 1  (Continued)

Characteristic Overall
N = 478801

Minimal
N = 122641

Low
N = 113231

Intermediate
N = 113741

High
N =129291

p-value2

MET scores, min/week 3,394.98 ± (5,074.74) 3,180.68 ± (4,868.35) 3,337.21 ± (5,024.44) 3,463.54 ± (5,153.87) 3,598.55 ± (5,235.94) <0.001

HEI-2015 50.43 ± (13.25) 50.95 ± (13.44) 50.37 ± (13.20) 50.27 ± (13.28) 50.13 ± (13.07) 0.003

Cancer <0.001

 � No 43,589 (91%) 10,679 (87%) 10,323 (91%) 10,524 (92%) 12,063 (93%)

 � Yes 4,291 (9.3%) 1,585 (13%) 990 (8.9%) 850 (7.9%) 866 (7.3%)

CVD <0.001

 � No 42,648 (91%) 10,435 (88%) 10,097 (92%) 10,297 (93%) 11,819 (93%)

 � Yes 5,232 (8.6%) 1829 (12%) 1,216 (8.2%) 1,077 (7.4%) 1,110 (7.2%)

DM <0.001

 � No 39,697 (87%) 10,249 (87%) 9,537 (89%) 9,402 (88%) 10,509 (86%)

 � Yes 8,183 (13%) 2015 (13%) 1776 (11%) 1972 (12%) 2,420 (14%)

Hypertension <0.001

 � No 28,004 (63%) 7,179 (63%) 6,868 (66%) 6,750 (64%) 7,207 (60%)

 � Yes 19,876 (37%) 5,085 (37%) 4,445 (34%) 4,624 (36%) 5,722 (40%)

COPD <0.001

 � No 45,920 (96%) 11,510 (94%) 10,881 (96%) 10,979 (97%) 12,550 (97%)

 � Yes 1960 (3.9%) 754 (5.8%) 432 (3.6%) 395 (3.2%) 379 (3.1%)

1Mean ± error; n (unweighted) (%).
2An analysis of variance; Pearson’s X^2: Rao & Scott adjustment.
HEI-2015, Healthy Eating Index-2015; MET, Metabolic Equivalent of Task; CVD, cardiovascular disease; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease.
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partially adjusted models, the associations diminished after 
full adjustment.

Kaplan–Meier analysis

Figure  2 presents Kaplan–Meier survival curves for all-cause 
mortality and CVD mortality across different ALI categories. The 
curves indicate that higher ALI levels are associated with improved 
survival, with the most pronounced difference observed for all-cause 
mortality. Patients in the higher ALI categories exhibit better survival 
probabilities compared to those in the minimal or low ALI categories. 
Figure  3 illustrates the time-dependent survival probability S(t) 
across different ALI levels for two groups: all-cause mortality (A) and 
cardiovascular disease (CVD) mortality (B) in patients with 
COPD. The heatmap in panel A (All-Cause Mortality) represents the 
survival probability over time (x-axis) at varying ALI levels (y-axis), 
with the color gradient reflecting the S(t) value for each combination 
of time and ALI. A lower S(t) value indicates a lower survival 
probability, with the color scale ranging from yellow (higher survival 
probability, closer to 1) to purple (lower survival probability, closer 
to 0). For all-cause mortality, the survival probability decreases 

significantly when ALI levels fall below 50. Similarly, panel B (CVD 
Mortality) shows the time-dependent survival probability for 
cardiovascular disease mortality, with the color scale again ranging 
from yellow (higher survival probability) to purple (lower survival 
probability). Compared to the all-cause mortality panel, the survival 
probability for CVD mortality is lower at certain ALI levels, with a 
significant decrease in survival probability when ALI levels fall 
below 25.

ALI and mortality

Table 3 examines the relationship between ALI and mortality 
outcomes, including all-cause and CVD mortality, in patients with 
COPD. In the fully adjusted model (Model 2), higher ALI categories 
were significantly associated with lower all-cause mortality. Compared 
to the minimal ALI category, the low ALI category (HR = 0.68, 95% 
CI: 0.53–0.87) was associated with a significant reduction in all-cause 
mortality risk, while the intermediate ALI category (HR = 0.50, 95% 
CI: 0.38–0.65) exhibited the strongest protective effect. However, in 
the high ALI category (HR = 0.60, 95% CI: 0.46–0.78), the reduction 
in mortality risk was slightly less pronounced than in the intermediate 

TABLE 2  Association between advanced lung cancer inflammation index and COPD.

Outcomes Crude Model Model 1 Model 2

OR (95%CI) OR (95%CI) OR (95%CI)

COPD Continuous 0.95 (0.92, 0.98) 0.98 (0.97, 1.01) 0.99 (0.98, 1.01)

Categories

Minimal Ref. Ref. Ref.

Low 0.61 (0.52, 0.70) 0.75 (0.65, 0.88) 0.81 (0.69, 0.95)

Intermediate 0.54 (0.47, 0.62) 0.74 (0.64, 0.86) 0.80 (0.69, 0.93)

High 0.52 (0.43, 0.62) 0.76 (0.63, 0.91) 0.85 (0.70, 0.98)

p for trend 0.001 0.004 0.086

Crude Model: no covariates were adjusted. Model 1: Adjusted covariates for model 1 included age, gender, race, marital status, family income level, and educational level. Model 2: Adjusted 
covariates for model 2 included the covariates for model 1 plus smoking status, alcohol intake, physical activity, and HEI-2015 data, diabetes, hypertension, cancer and cardiovascular disease. 
Bolded results represent statistically significant associations based on a p-value of less than 0.05. COPD, chronic obstructive pulmonary disease; 95%CI, 95% confidence interval.

FIGURE 2

Kaplan–Meier survival curves of ALI impact on long-term all-cause (A) and CVD (B) mortality in patients with COPD (weighted). ALI, advanced lung 
cancer inflammation index; CVD, cardiovascular disease.
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group. For CVD mortality, however, no significant association was 
observed in the fully adjusted model.

Tables 4, 5 examine the stratified relationships between ALI and 
mortality in COPD patients. Table 4 shows that higher ALI levels are 
consistently associated with a reduced risk of all-cause mortality 
across most subgroups, including those stratified by age, CVD, 
diabetes, and cancer, with no significant interactions observed. 
Table 5, however, reveals that the association between ALI and CVD 
mortality is less consistent, with significant protective effects observed 
in some subgroups (e.g., age < 60), but not others. While ALI is a 
strong predictor of reduced all-cause mortality in COPD patients, its 
role in reducing CVD mortality is more variable and 
context-dependent.

Non-linear relationships

Figure 4 showing a clear non-linear association between ALI 
and both mortality outcomes. The protective effects plateau at 
higher ALI levels, with a potential increase in mortality risk for very 
high ALI values. Figure 5 illustrates the sex-stratified relationship 
between ALI and mortality outcomes in COPD patients. For 
all-cause mortality, the protective effect of higher ALI levels is 
consistent across both sexes. For CVD mortality, the relationship is 
more variable, with clearer protective effects in females than 
in males.

Tables 6, 7 collectively evaluate the threshold effect of ALI on 
all-cause and CVD mortality in COPD patients. Table 6 shows that 

TABLE 3  Relationships of advanced lung cancer inflammation index with all-cause and CVD mortality in patients with COPD.

Outcomes Crude Model Model 1 Model 2

HR (95%CI) HR (95%CI) HR (95%CI)

All causes Continuous 0.93 (0.88, 0.98) 0.97 (0.93, 1.02) 0.97 (0.93, 1.02)

Categories

Minimal Ref. Ref. Ref.

Low 0.56 (0.43, 0.73) 0.69 (0.54, 0.90) 0.68 (0.53, 0.87)

Intermediate 0.41 (0.31, 0.54) 0.55 (0.43, 0.71) 0.50 (0.38, 0.65)

High 0.41 (0.33, 0.52) 0.59 (0.45, 0.78) 0.60 (0.46, 0.78)

p for trend 0.001 0.001 0.001

CVD Continuous 0.92 (0.85, 1.01) 0.98 (0.92, 1.05) 0.98 (0.91, 1.05)

Categories

Minimal Ref. Ref. Ref.

Low 0.55 (0.32, 0.96) 0.69 (0.39, 1.22) 0.68 (0.39, 1.19)

Intermediate 0.44 (0.24, 0.81) 0.64 (0.34, 1.18) 0.53 (0.28, 1.00)

High 0.52 (0.29, 0.95) 0.87 (0.46, 1.66) 0.88 (0.44, 1.76)

p for trend 0.033 0.646 0.593

Crude Model: no covariates were adjusted. Model 1: Adjusted covariates for model 1 included age, gender, race, marital status, family income level, and educational level. Model 2: Adjusted 
covariates for model 2 included the covariates for model 1 plus smoking status, alcohol intake, physical activity, and HEI-2015 data, diabetes, hypertension, cancer and cardiovascular disease. 
Bolded results represent statistically significant associations based on a p-value of less than 0.05. OR, Odds Ratio; 95%CI, 95% confidence interval.

FIGURE 3

Time-dependent survival probability [S(t)] across ALI levels all-cause (A) and CVD (B) mortality in patients with COPD.
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for all-cause mortality, ALI had a significant protective effect when 
ALI values were below the threshold of 88.32 (HR per 10-unit 
increment = 0.842, 95% CI: 0.801–0.884, p < 0.0001). However, 
above this threshold, the association became non-significant 
(HR = 1.012, 95% CI: 0.999–1.024, p = 0.062). Similarly, Table 7 
highlights that for CVD mortality, ALI was protective below the 
threshold of 89.73 (HR per 10-unit increment = 0.82, 95% CI: 0.78–
0.86, p < 0.0001), but the association reversed above the threshold, 
becoming positively associated with risk (HR = 1.02, 95% CI: 1.00–
1.03, p = 0.01).

Sensitivity analyses

Table 8 presents a sensitivity analysis that excludes participants 
who died within 2 years to address potential reverse causation. The 
results reaffirm that higher ALI levels are significantly associated with 
reduced all-cause mortality in COPD patients.

Table 9 indicates significant differences in baseline characteristics 
between COPD and non-COPD participants before matching, 
including age, education level, comorbidities (e.g., hypertension, 
diabetes, and cancer), and smoking status. After PSM, Table 10 and 
Figure  6 shows that the baseline characteristics were balanced 

between the two groups, ensuring comparability. Table  11 
demonstrates the association between ALI and COPD was similar.

Discussion

Our study reveals that the ALI is significantly associated with 
both all-cause mortality and CVD mortality in COPD patients, 
exhibiting a notable non-linear relationship. Higher ALI levels were 
protective up to specific thresholds (88.32 for all-cause mortality and 
89.73 for CVD mortality); however, beyond these thresholds, the 
protective effect plateaued and became non-significant for all-cause 
mortality, while reversing for CVD mortality, indicating increased 
risk. This non-linear trend underscores the intricate balance between 
inflammation and nutritional status, suggesting that optimizing ALI 
within an appropriate range can improve outcomes, whereas excessive 
levels may reflect underlying pathological changes requiring 
further investigation.

Chronic inflammation in individuals with COPD is primarily 
driven by the infiltration of inflammatory cells, including 
neutrophils, macrophages, and lymphocytes, into the small 
airways (8). This process leads to the degradation of structural 
cells such as airway epithelial cells, stromal cells, and 

TABLE 4  Stratified analyses of the relationships of advanced lung cancer inflammation index with all-cause mortality in patients with COPD.

Characteristics ALI

Minimal Low Intermediate High P for trend P for interaction

Age 0.82

 � <60 Ref 0.58(0.30, 1.12) 0.35(0.19, 0.64) 0.38(0.20, 0.72) 0.02

 � ≥60 Ref 0.67(0.52, 0.87) 0.50(0.37, 0.67) 0.52(0.38, 0.70) 0.22

Gender 0.35

 � Male Ref 0.69(0.49, 0.98) 0.50(0.34, 0.72) 0.79(0.51, 1.21) 0.02

 � Female Ref 0.69(0.48, 1.00) 0.50(0.33, 0.77) 0.46(0.31, 0.68) 0.02

Smoke status 0.96

 � Never Ref 0.96(0.45, 2.05) 0.73(0.33, 1.62) 0.46(0.24, 0.90) 0.28

 � Former Ref 0.63(0.45, 0.88) 0.49(0.34, 0.71) 0.58(0.39, 0.86) 0.71

 � Now Ref 0.58(0.38, 0.89) 0.40(0.25, 0.62) 0.72(0.44, 1.18) 0.48

Hypertension 0.94

 � No Ref 0.72(0.45, 1.14) 0.54(0.31, 0.94) 0.53(0.31, 0.91) 0.1

 � Yes Ref 0.64(0.48, 0.85) 0.44(0.32, 0.61) 0.47(0.34, 0.65) <0.001

DM 0.66

 � No Ref 0.61(0.45, 0.83) 0.49(0.36, 0.69) 0.43(0.29, 0.64) 0.06

 � Yes Ref 0.57(0.35, 0.95) 0.43(0.25, 0.74) 0.57(0.39, 0.83) 0.06

CVD 0.56

 � No Ref 0.56(0.40, 0.79) 0.48(0.33, 0.68) 0.42(0.27, 0.65) 0.06

 � Yes Ref 0.72(0.51, 1.02) 0.44(0.29, 0.69) 0.53(0.34, 0.82) 0.74

Cancer 0.42

 � No Ref 0.69(0.52, 0.93) 0.50(0.37, 0.69) 0.45(0.33, 0.62) <0.0001

 � Yes Ref 0.47(0.30, 0.74) 0.43(0.25, 0.76) 0.53(0.31, 0.92) 0.3

The adjusted covariates encompassed age, gender, race, marital status, family income level, educational attainment, smoking status, alcohol consumption, physical activity, HEI-2015 scores, as 
well as the presence of diabetes, hypertension, cancer, and cardiovascular disease, excluding the stratified variables. CVD, cardiovascular disease; DM, diabetes mellitus; COPD, chronic 
obstructive pulmonary disease.
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parenchymal cells. As COPD progresses, airway inflammation 
intensifies. The NLR in peripheral blood is a well-established 
biomarker for quantifying systemic inflammation. Previous 
studies have explored the relationship between NLR and lung 

function decline, a key indicator of COPD severity and risk (9). 
These studies emphasize the clinical relevance of NLR as a 
biomarker, linking it to impaired lung function, increased COPD 
risk, and specific DNA methylation patterns. Additionally, 

TABLE 5  Stratified analyses of the relationships of advanced lung cancer inflammation index with CVD mortality in patients with COPD.

Characteristics ALI

Minimal Low Intermediate High P for trend P for interaction

Age 0.82

 � <60 Ref 0.58(0.30, 1.12) 0.35(0.19, 0.64) 0.38(0.20, 0.72) 0.02

 � ≥60 Ref 0.67(0.52, 0.87) 0.50(0.37, 0.67) 0.52(0.38, 0.70) 0.22

Gender 0.26

 � Male Ref 0.60(0.33, 1.10) 0.46(0.21, 0.99) 1.07(0.44, 2.60) 0.05

 � Female Ref 0.75(0.27, 2.07) 0.67(0.23, 1.99) 0.34(0.14, 0.87) 0.45

Smoke status 0.96

 � Never Ref 0.77(0.10, 5.72) 1.00(0.15, 6.82) 0.33(0.11, 1.02) 0.26

 � Former Ref 0.62(0.31, 1.24) 0.62(0.27, 1.46) 0.77(0.34, 1.71) 0.97

 � Now Ref 0.55(0.19, 1.60) 0.31(0.10, 0.95) 0.76(0.20, 2.93) 0.83

Hypertension 0.99

 � No Ref 0.53(0.17, 1.66) 0.29(0.06, 1.41) 0.27(0.11, 0.66) 0.14

 � Yes Ref 0.65(0.36, 1.19) 0.52(0.26, 1.03) 0.82(0.38, 1.77) 0.39

DM 0.62

 � No Ref 0.46(0.22, 0.96) 0.51(0.23, 1.13) 0.70(0.30, 1.64) 0.83

 � Yes Ref 0.62(0.31, 1.25) 0.34(0.12, 0.99) 0.56(0.24, 1.34) 0.11

CVD 0.69

 � No Ref 0.44(0.18, 1.05) 0.54(0.24, 1.20) 0.62(0.22, 1.75) 0.55

 � Yes Ref 0.86(0.44, 1.66) 0.50(0.19, 1.34) 0.87(0.42, 1.79) 0.42

Cancer 0.11

 � No Ref 0.69(0.38, 1.28) 0.57(0.30, 1.07) 0.48(0.25, 0.90) 0.03

 � Yes Ref 0.36(0.11, 1.14) 0.16(0.02, 1.13) 1.02(0.43, 2.41) 0.22

The adjusted covariates encompassed age, gender, race, marital status, family income level, educational attainment, smoking status, alcohol consumption, physical activity, HEI-2015 scores, as 
well as the presence of diabetes, hypertension, cancer, and cardiovascular disease, excluding the stratified variables. CVD, cardiovascular disease; DM, diabetes mellitus; COPD, chronic 
obstructive pulmonary disease.

FIGURE 4

Relationship between ALI and all-cause (A) and CVD (B) mortality in patients with COPD. The solid and red shadow represent the estimated values and 
their 95% CIs, respectively. ALI, advanced lung cancer inflammation index; CVD, cardiovascular disease.
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research focusing on patients with COPD has demonstrated the 
prognostic value of hematologic inflammatory markers, such as 
NLR, in predicting mortality risk (10). Similarly, the platelet-to-
lymphocyte ratio (PLR) has been associated with elevated COPD 
risk (11). These findings highlight the critical role of 
inflammation in influencing COPD outcomes and align with the 
conclusions of our study.

Previous research has predominantly focused on individual 
inflammatory markers to evaluate the prognosis of patients with 
COPD. However, this approach lacks the comprehensiveness 
needed to accurately assess the complex relationship between 
inflammation and mortality risk in COPD. A critical factor 
contributing to poor prognosis in COPD patients is the high 
prevalence of malnutrition within this population. A recent meta-
analysis of 26 studies found that COPD patients have significantly 
lower serum albumin levels compared to individuals without COPD 
(3), with low serum albumin levels being strongly associated with 
adverse outcomes (12). Furthermore, a large cohort study of 
220,000 Chinese men aged 40–79 years, followed over a 15-year 
period, reported that a 5 kg/m2 reduction in Body Mass Index 
(BMI) was linked to a 31% increase in mortality risk from COPD 
(13). These findings underscore the importance of simultaneously 
addressing inflammation and malnutrition in the prognostic 
evaluation of COPD patients.

The ALI, initially developed as a prognostic marker for survival 
in non-small cell lung cancer (14), has been applied across various 
other cancer types, including esophageal, colorectal, pancreatic, 
and gastric cancers (15–18). Research indicates that cancer 

survivors with elevated ALI levels and no depressive symptoms face 
the lowest risks of both all-cause and non-cancer mortality (19). In 
individuals with type 2 diabetes mellitus (T2DM), elevated ALI 
levels are strongly associated with reduced risks of all-cause and 
cardiovascular mortality, particularly among women (20). However, 
when ALI exceeds a certain threshold, a slight increase in mortality 
risk may occur. These findings emphasize the importance of weight 
management and inflammation control in improving the prognosis 
of individuals with T2DM. Additionally, studies suggest that 
optimizing ALI levels can significantly reduce cardiovascular 
mortality in individuals with chronic hypertension, providing 
valuable insights for managing hypertension-related 
conditions (21).

The potential biological mechanisms explaining the 
significantly reduced risk of mortality in individuals with COPD 
are as follows: Firstly, BMI is a critical indicator of adiposity. 
Prolonged exposure to cigarette smoke accelerates aging, leading 
to reduced body weight and premature lung aging (4, 22). This 
phenomenon may account for the strong association between low 
BMI and higher COPD-related mortality. A large prospective 
community cohort study in Japan found that decreased BMI and 
substantial weight loss were independently associated with an 
increased risk of COPD mortality (23). Secondly, serum albumin, 
a protein synthesized by the liver, plays essential roles in the 
transport and regulation of nutrients, hormones, and medications. 
Recent studies have shown that reduced serum albumin levels are 
linked to systemic inflammation activation and an increased risk 
of malnutrition (24). Additionally, albumin protects tissues from 

TABLE 6  Threshold effect analysis of advanced lung cancer inflammation 
index on all-cause mortality in patients with COPD.

All-cause mortality

Per 10 U increment P

<88.32 0.842(0.801, 0.884) <0.0001

>88.32 1.012(0.999, 1.024) 0.062

Adjusted covariates included age, gender, race, marital status, family income level, 
educational level, smoking status, alcohol intake, physical activity, and HEI-2015 data, 
diabetes, hypertension, cancer and cardiovascular disease.

TABLE 7  Threshold effect analysis advanced lung cancer inflammation 
index on of CVD mortality in patients with COPD.

CVD mortality

Per 10 U increment P

<89.73 0.82(0.78, 0.86) <0.0001

>89.73 1.02(1.00, 1.03) 0.01

Adjusted covariates included age, gender, race, marital status, family income level, 
educational level, smoking status, alcohol intake, physical activity, and HEI-2015 data, 
diabetes, hypertension, cancer and cardiovascular disease. CVD, cardiovascular disease.

FIGURE 5

Relationship between ALI and all-cause (A) and CVD (B) mortality in patients with COPD stratified by sex. The solid and red or blue shadow represent 
the estimated values and their 95% CIs, respectively. ALI, advanced lung cancer inflammation index; CVD, cardiovascular disease.
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inflammatory damage. Thirdly, neutrophils accumulate in the 
sputum of stable COPD patients with severe disease, unlike those 
with mild or moderate COPD. This accumulation is associated 
with elevated expression of macrophage inflammatory protein-1α 
(MIP-1α) in bronchial epithelial cells (25). As COPD progresses, 
increased neutrophil levels are observed in the small airways of 
COPD patients compared to smokers with normal lung function 
(26). Lymphocytes also contribute to alveolar destruction in 
COPD. Specifically, CD8+ T cells produce pro-inflammatory 
cytokines such as IL-2, interferon-γ, and TNFα, which recruit 
additional inflammatory cells (27, 28). These cells also release 
perforin and granzyme B, inducing lysis and apoptosis of alveolar 
epithelial cells and advancing emphysema development (29). In 
summary, maintaining an appropriate BMI, achieving optimal 
serum albumin levels, and reducing the NLR can improve ALI 
scores, thereby supporting a more favorable prognosis in 
COPD patients.

In this study, we observed that ALI, as a combined measure of 
inflammation and nutritional status, holds prognostic value in 
COPD patients. Specifically, lower ALI values are associated with 
higher risks of COPD, emphasizing the importance of 
malnutrition and chronic inflammation in this population. 
Therefore, COPD patients may benefit from interventions aimed 
at improving nutritional status or reducing inflammation to 
optimize ALI levels and improve survival outcomes. For patients 
with very high ALI levels, clinicians should consider the possibility 
of undiagnosed comorbidities, which may explain the increased 
mortality risk.

These findings provide new insights for personalized 
treatment strategies in COPD management. By using ALI as a 
comprehensive prognostic marker, clinicians can better identify 
high-risk patients and tailor treatment plans accordingly. For 
patients with lower ALI levels, nutritional interventions and anti-
inflammatory therapies may be  prioritized, while those with 

higher ALI levels may require further assessment of other disease 
factors. Future research should further validate these thresholds 
and explore interventions aimed at optimizing ALI, advancing 
personalized treatment approaches for COPD.

This study has several strengths. First, it utilized data from the 
NHANES database, which provides a large, nationally 
representative cohort with comprehensive health and nutrition 
information, enhancing the generalizability of our findings. 
Second, by integrating markers of systemic inflammation 
(neutrophil-to-lymphocyte ratio) and nutritional status (BMI and 
serum albumin) into the ALI, the study offers a holistic approach 
to evaluating risk in COPD patients, moving beyond single-
biomarker analyses. Third, the use of robust statistical methods, 
including Kaplan–Meier survival analyses, Cox proportional 
hazards models, and propensity score matching, strengthens the 
validity of the results by minimizing potential biases and 
confounding effects. Finally, the investigation into non-linear 
relationships between ALI and mortality outcomes provides 
nuanced insights that can inform clinical risk stratification and 
personalized interventions.

Despite these strengths, this study also has notable limitations. 
First, the cross-sectional nature of NHANES data limits the ability to 
establish causal relationships between ALI and mortality outcomes 
in COPD patients. Second, ALI relies on serum albumin and BMI, 
which can be influenced by acute illness or fluid status, potentially 
confounding its predictive value in chronic conditions like 
COPD. Third, the study did not include specific inflammatory 
biomarkers such as C-reactive protein (CRP) or IL-6, which could 
further refine the understanding of systemic inflammation in this 
context. Fourth, the thresholds identified for ALI’s protective effects 
may vary across populations and settings, requiring external 
validation to confirm their clinical applicability. Lastly, residual 
confounding cannot be entirely ruled out, despite the comprehensive 
adjustment for covariates, as certain factors such as genetic 

TABLE 8  Relationships of advanced lung cancer inflammation index with all-cause and CVD mortality in patients with COPD after excluding 
participants who died within 2 years.

Outcomes Crude model Model 1 Model 2

OR (95%CI) OR (95%CI) OR (95%CI)

All-cause Continuous 0.93 (0.88, 0.99) 0.96 (0.91, 1.01) 0.95 (0.90, 1.00)

Categories

Minimal Ref. Ref. Ref.

Low 0.61 (0.46, 0.80) 0.68 (0.52, 0.89) 0.68(0.53, 0.89)

Intermediate 0.44 (0.33, 0.59) 0.53 (0.40, 0.71) 0.50(0.36, 0.67)

High 0.44 (0.33, 0.59) 0.52 (0.38, 0.71) 0.52(0.37, 0.71)

p for trend 0.001 0.001 0.001

CVD Continuous 0.92 (0.85, 1.01) 0.99 (0.93, 1.06) 0.98 (0.91, 1.06)

Categories

Minimal Ref. Ref. Ref.

Low 0.55 (0.32, 0.96) 0.61 (0.32, 1.15) 0.60 (0.32, 1.11)

Intermediate 0.44 (0.24, 0.81) 0.65 (0.34, 1.27) 0.55 (0.28, 1.09)

High 0.52 (0.29, 0.95) 0.87 (0.44, 1.72) 0.83 (0.40, 1.76)

p for trend 0.033 0.756 0.626
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TABLE 9  Basic characteristics of participants before PSM (propensity score matching) analysis.

Characteristic Overall
N = 478801

Normal
N = 459201

COPD
N= 19601

p-value2

Age, years 46.99 ± (16.86) 46.43 ± (16.77) 60.66 ± (12.85) <0.001

Sex 0.133

 � Male 24,770 (52%) 23,916 (52%) 854 (49%)

 � Female 23,110 (48%) 22,004 (48%) 1,106 (51%)

Age, years <0.001

 � Sex 8,529 (8.2%) 8,420 (8.5%) 109 (1.7%)

 � Male 9,625 (11%) 9,304 (11%) 321 (6.9%)

 � Female 21,359 (69%) 20,068 (68%) 1,291 (83%)

 � Age, years 3,976 (5.6%) 3,864 (5.7%) 112 (2.3%)

 � Sex 4,391 (6.8%) 4,264 (6.9%) 127 (6.3%)

Male <0.001

 � Female 8,246 (17%) 8,095 (18%) 151 (6.5%)

 � Age, years 29,209 (64%) 28,112 (65%) 1,097 (62%)

 � Sex 10,425 (18%) 9,713 (18%) 712 (31%)

Family income poverty ratio 2.99 ± (1.60) 3.00 ± (1.60) 2.74 ± (1.58) <0.001

Education <0.001

 � Less than high school 5,752 (5.9%) 5,484 (5.8%) 268 (8.3%)

 � High school or equivalent 18,158 (35%) 17,302 (35%) 856 (42%)

 � College and above 23,970 (59%) 23,134 (59%) 836 (50%)

Cancer <0.001

 � No 43,589 (91%) 42,025 (91%) 1,564 (77%)

 � Yes 4,291 (9.3%) 3,895 (8.7%) 396 (23%)

CVD <0.001

 � No 42,648 (91%) 41,325 (92%) 1,323 (72%)

 � Yes 5,232 (8.6%) 4,595 (7.8%) 637 (28%)

DM <0.001

 � No 39,697 (87%) 38,311 (88%) 1,386 (76%)

 � Yes 8,183 (13%) 7,609 (12%) 574 (24%)

HEI-2015 50.43 ± (13.25) 50.45 ± (13.25) 49.82 ± (13.29) 0.158

Hypertension <0.001

 � No 28,004 (63%) 27,307 (64%) 697 (41%)

 � Yes 19,876 (37%) 18,613 (36%) 1,263 (59%)

MET scores, min/week 3,394.98 ± (5,074.74) 3,383.81 ± (5,085.16) 3,669.99 ± (4,804.11) <0.001

Smoking status <0.001

 � Former 11,877 (25%) 10,922 (24%) 955 (47%)

 � Never 26,035 (54%) 25,720 (55%) 315 (17%)

 � Now 9,968 (21%) 9,278 (21%) 690 (36%)

Drinking status <0.001

 � Former 7,993 (14%) 7,371 (13%) 622 (28%)

 � Mild 9,642 (22%) 9,359 (22%) 283 (16%)

 � Moderate 16,487 (37%) 15,799 (37%) 688 (36%)

 � Heavy 6,652 (16%) 6,427 (16%) 225 (14%)

 � Never 7,106 (11%) 6,964 (12%) 142 (6.4%)

1Mean ± error; n (unweighted) (%).
2An analysis of variance; Pearson’s X^2: Rao & Scott adjustment.
HEI-2015, Healthy Eating Index-2015; MET, Metabolic Equivalent of Task; CVD, cardiovascular disease; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease.
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TABLE 10  Basic characteristics of participants after PSM (propensity score matching) analysis.

Characteristic Overall
N = 3,7951

Normal
N = 1,9301

COPD
N = 1,8651

p-value2

Characteristic 60.14 ± (14.24) 59.68 ± (15.48) 60.62 ± (12.83) 0.521

Age, years 0.437

 � Sex 1,692 (48%) 841 (47%) 851 (49%)

 � Male 2,218 (52%) 1,114 (53%) 1,104 (51%)

Female 0.668

 � Age, years 212 (1.7%) 103 (1.7%) 109 (1.7%)

 � Sex 657 (7.0%) 336 (7.1%) 321 (6.9%)

 � Male 2,549 (82%) 1,263 (81%) 1,286 (83%)

 � Female 193 (2.3%) 81 (2.2%) 112 (2.3%)

 � Age, years 299 (6.9%) 172 (7.4%) 127 (6.4%)

Sex 0.868

 � Male 277 (6.5%) 126 (6.5%) 151 (6.5%)

 � Female 2,266 (63%) 1,171 (63%) 1,095 (63%)

 � Age, years 1,367 (31%) 658 (30%) 709 (31%)

Sex 2.78 ± (1.54) 2.82 ± (1.50) 2.75 ± (1.58) 0.230

Family income poverty ratio 0.895

 � Education 553 (8.1%) 287 (7.9%) 266 (8.3%)

 � Less than high school 1,678 (42%) 824 (42%) 854 (42%)

 � High school or equivalent 1,679 (50%) 844 (50%) 835 (50%)

 � College and above 62.55 ± (58.94) 63.10 ± (58.12) 61.99 ± (59.79) 0.072

Cancer 0.381

 � No 3,080 (78%) 1,519 (79%) 1,561 (77%)

 � Yes 830 (22%) 436 (21%) 394 (23%)

CVD 0.248

 � No 2,673 (73%) 1,350 (74%) 1,323 (72%)

 � Yes 1,237 (27%) 605 (26%) 632 (28%)

DM 0.797

 � No 2,768 (76%) 1,383 (76%) 1,385 (76%)

 � Yes 1,142 (24%) 572 (24%) 570 (24%)

HEI-2015 49.68 ± (13.00) 49.51 ± (12.72) 49.85 ± (13.28) 0.542

Hypertension 0.842

 � No 1,403 (41%) 706 (41%) 697 (41%)

 � Yes 2,507 (59%) 1,249 (59%) 1,258 (59%)

MET scores, min/week 3,812.44 ± (5,648.26) 3,949.50 ± (6,356.79) 3,670.64 ± (4,804.14) 0.022

Smoking status 0.646

 � Former 1939 (48%) 985 (49%) 954 (47%)

 � Never 632 (17%) 317 (16%) 315 (17%)

 � Now 1,339 (35%) 653 (35%) 686 (36%)

Drinking status 0.317

 � Former 1,227 (26%) 609 (25%) 618 (28%)

 � Mild 581 (17%) 298 (18%) 283 (16%)

 � Moderate 1,389 (37%) 702 (38%) 687 (36%)

 � Heavy 435 (14%) 210 (13%) 225 (14%)

 � Never 278 (6.0%) 136 (5.6%) 142 (6.4%)

1Mean ± error; n (unweighted) (%).
2An analysis of variance; Pearson’s X^2: Rao & Scott adjustment.
HEI-2015, Healthy Eating Index-2015; MET, Metabolic Equivalent of Task; CVD, cardiovascular disease; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease.

104

https://doi.org/10.3389/fnut.2025.1550490
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Yao et al.� 10.3389/fnut.2025.1550490

Frontiers in Nutrition 15 frontiersin.org

predisposition and unmeasured lifestyle variables were not accounted 
for in the analysis.

Conclusion

This study underscores the importance of the ALI as a prognostic 
marker in COPD patients, demonstrating its significant association 
with all-cause and cardiovascular mortality. The non-linear relationship 
observed suggests that ALI provides protective effects up to specific 
thresholds (88.32 for all-cause mortality and 89.73 for CVD mortality), 
beyond which the association weakens or reverses. These findings 
highlight the need to address both systemic inflammation and 
nutritional status in COPD management. Future research should 
validate these thresholds and explore interventions to optimize ALI, 
paving the way for more personalized and effective treatment strategies.
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Retinoic acid modulates 
peritoneal macrophage function 
and distribution to enhance 
antibacterial defense during 
inflammation
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Qiyan Hou 2, Yuhong Chen 1,2, Yuting Li 1,2, Wenxian Lin 2, 
Xiuli Mao 2, Kezhao Wu 2, Wenqian Nong 2, Tonghua Wang 4*, 
Lingzhang Meng 1,2* and Jian Song 1,2,5*
1 Graduate School, Youjiang Medical University for Nationalities, Baise, China, 2 Institute of 
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Academy of Medical Sciences, Nanning, China, 3 School of Medicine, Guangxi University, Nanning, 
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Background: Peritoneal macrophages, comprising large peritoneal 
macrophages (LPMs) and small peritoneal macrophages (SPMs), play a vital role 
in maintaining immune defenses during inflammation. However, the molecular 
mechanisms governing their responses, particularly the impact of retinoic acid 
(RA), remain poorly understood. This study aims to elucidate the role of RA in 
modulating macrophage function, distribution, and immune responses during 
bacterial infections.

Methods: A murine model of peritonitis was established using Escherichia coli 
expressing a tdTomato fluorescence marker. The effects of RA on macrophage 
phagocytic capacity, population dynamics, and transcriptomic profiles were 
assessed using immunofluorescence, flow cytometry, RNA sequencing, and 
quantitative PCR. Additionally, RA-loaded ZIF-8 nanoparticles were employed 
to investigate the sustained effects of RA delivery.

Results: RA significantly enhanced macrophage phagocytic activity, delayed 
functional decline, and promoted the recruitment of SPMs in the peritoneal 
cavity. Transcriptomic analysis revealed upregulation of leukocyte migration and 
cell adhesion pathways in RA-treated SPMs. RA treatment also induced distinct 
gene expression profiles in macrophage subpopulations, reflecting its role in 
immune modulation. Notably, RA-loaded ZIF-8 nanoparticles prolonged RA 
retention within macrophages, sustaining its effects.

Conclusion: RA enhances antibacterial defense by modulating macrophage 
activity, providing new insights into immune regulation. These findings 
underscore the therapeutic potential of RA and its nanoparticle formulations in 
managing bacterial infections and inflammation.

KEYWORDS

peritonitis, large peritoneal macrophages, small peritoneal macrophages, retinoic 
acid, nanoparticles
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Introduction

Two distinct subpopulations of macrophages have been identified 
within the peritoneal cavity. The first is a subpopulation of large 
peritoneal macrophages (LPMs), which have a large morphology and 
constitute approximately 90% of peritoneal cavity macrophages (1, 2). 
The majority of macrophages are LPMs, which express high levels of 
F4/80 but low levels of MHC-II. This classification is based on the 
expression of cell markers, specifically CD11b, F4/80, MHCII, and 
GATA6. The remaining subpopulation is that of the smaller 
macrophages, which occupy approximately 10% of the peritoneal 
cavity. The remaining subpopulation comprises a smaller macrophage 
within the peritoneal cavity, representing approximately 10% of the 
LPMs. This is the small peritoneal macrophage (SPMs). SPMs express 
low levels of F4/80, but high levels of MHC-II, and their surface 
markers are CD11b+/F4/80LOW/MHCII+/GATA6− (1). The LPM is 
currently the more extensively researched of the two, whereas the 
SPMs remains relatively understudied (1, 3–5).

The transcription factor GATA6 is indispensable for the 
sustenance of the LPMs community. It preserves the cellular state in a 
non-autonomous manner and is induced by retinoic acid (RA), which 
is produced by the metabolism of vitamin A within the peritoneal 
cavity (6, 7). RA production is dependent on the metabolic enzymes 
RALDH1 and RALDH2, the activity of which is essential for RA 
synthesis. The fact that these enzymes are produced by large omental 
mesothelial cells and mesenchymal fibroblasts in the peritoneal cavity, 
which express the transcription factor Wilms’ tumor 1 (WT1) (8), and 
retinoic acid induces and reversibly regulates gene expression of 
GATA6 and other PMSGs in peritoneal macrophages. Chronic 
deficiency of vitamin A (retinoic acid precursor) leads to decreased 
expression of GATA6 in LPMs, triggering an inflammatory response 
and leading to the disappearance of LPMs. RA selectively affects the 
function and distribution of LPMs by regulating the expression of the 
transcription factor GATA6, a signature transcription factor of LPMs 
involved in the regulation of their gene expression profiles and in the 
maintenance of an anti-inflammatory phenotype (9). In the presence 
of RA, GATA6 upregulation was able to enhance the resistance of 
LPMs to infection and promote cell survival. This fact highlights the 
central role of the peritoneal microenvironment in RA generation and 
LPMs population maintenance. On the other hand, it is believed that 
SPMs are generated as macrophages by recruiting monocytes, which 
are the predominant cells in the peritoneal cavity as they respond to 
inflammation (5, 10, 11). Nevertheless, the rationale behind the 
presence of SPMs in the absence of inflammation and the potential 
role of retinoic acid in the peritoneal microenvironment in SPM 
recruitment under steady-state conditions remain uncertain Louwe 
et al. (12).

In the event of peritoneal cavity inflammation, both macrophage 
types undergo significant alterations, with the LPM disappearing rapidly 
in response to the inflammatory stimulus (13). This phenomenon is 
known as the macrophage disappearance reaction (MDR). The MDR is 
initiated when the LPMs undertakes bacterial containment by 
aggregating on the surface of the cavity or by aggregating in fibrous clots 
(14). A considerable number of LPMs undergo pyroptosis following 
aggregation and die, thereby rendering local proliferation an inadequate 
means of recovering the same number of LPMs that existed prior to the 
aggregation (15). In contrast, SPMs proliferate and become the 
predominant population in the peritoneal cavity during the 

inflammatory process (11, 12, 16). It is therefore generally accepted that 
SPMs are recruited and transformed from blood mononuclear cells. 
However, the transcriptomic, functional and phenotypic profiles of 
LPMs and SPMs during peritonitis remain unclear. Furthermore, the 
series of infectious events caused by peritonitis ultimately results in 
increased omental fibrosis, which in turn leads to the destruction of 
WT1+ mesothelium and mesenchymal fibroblasts, thereby reforming 
the peritoneal microenvironment conducive to RA production and the 
LPMs/SPMs compartment. Therefore, it is of clinical relevance to 
understand the role of RA for LPMs and SPMs in the inflammatory state.

The aim of this study was to investigate the response of peritoneal 
macrophages to bacterial attack in the presence of RA and changes in 
their immune defenses. Retinoic acid, a metabolite of vitamin A, has 
been shown to play a key role in the regulation of several immune 
functions. However, its specific effects on macrophage population 
dynamics and function under conditions of abdominal infection are 
unclear. To this end, we used pUC19-tdtomato to establish a peritonitis 
model with transduced bacteria and investigated the effects of RA on 
phagocytosis and on LPMs and SPMs macrophage populations by 
quantitative analysis and transcriptome sequencing. Our results suggest 
that RA may alter the distribution and function of macrophages in the 
peritoneal cavity by regulating their migration-related genes. At the 
early stage of infection, RA not only enhanced the phagocytic capacity 
of macrophages, but also significantly delayed the decline of their 
phagocytic function. In addition, RA-treated macrophages showed 
up-regulation of key genes GATA6 and RA-responsive genes, which 
was accompanied by significant changes in the cell migration-related 
transcriptome. In particular, changes in key genes related to migration 
function may play an important role in the dynamics of LPMs and 
SPMs populations. These findings reveal potential mechanisms of RA 
in regulating the antimicrobial function of abdominal macrophages. 
These findings provide important insights into the potential clinical 
applications of RA in infection control and other inflammatory disease 
therapies, and future studies may further explore the synergistic effects 
of RA with conventional anti-infective therapies.

Materials and methods

Mice

All C57BL/6J mice were obtained from the Guangxi Medical 
University Laboratory Animal Centre, and the animals were housed 
in the laboratory animal center under specific pathogen-free 
conditions, with feed and sterile water provided for the animals. The 
animals were kept using a 12 h light/12 h dark cycle.

Peritonitis model and E. coli, RA injection

The experimental design included three different treatment 
groups to study the dynamic effects of RA and bacterial challenge on 
peritoneal macrophages:

Bacteria-only group
Mice were injected intraperitoneally with an Escherichia coli ER2272 

strain harboring the pUC19-tdTomato construct (cultured overnight in 
LB at 37°C and then resuspended in 0.2 mL PBS to yield 1 × 107 CFU). 
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Samples were collected at 30 min, 60 min, and 4 h post-injection to 
assess baseline kinetics of bacterial uptake and macrophage response.

Only the RA group was injected
Mice were injected intraperitoneally with 200 μL of RA solution 

(10 μmol/mL). In this group, samples were also collected at 30 min, 
60 min, and 4 h post-injection to assess the immediate distribution of 
RA in the peritoneal cavity and cellular uptake.

RA pretreatment with bacteria group
In another set of experiments, mice were injected once 

intraperitoneally with RA (200 μL, 10 μmol/mL) 24 h before bacterial 
challenge. 24 h later, these mice were injected with 1 × 107 CFU E. coli 
Tdtomato in 0.2 mL of PBS. Subsequent samples were taken at the 
indicated time points for transcriptome sequencing.

Immunofluorescence

The peritoneal mesothelium and greater omentum were excised 
and immediately embedded in Tissue-Tek O.C.T. compounds 
(Triangle Biomedical Sciences) and frozen in liquid nitrogen. They 
were then processed into 15-μm-thick sections. Following fixation in 
methanol at −20°C for 5 min, the frozen sections were rinsed on three 
occasions with PBS. Following a 40 min sealing process with PBS/1% 
BSA at room temperature, the sections were incubated with the 
antibody at a dilution of 1:1,000 at 4°C overnight. The images were 
captured using a ZEISS Axiovert 5 microscope.

Flow cytometry

The peritoneal cavity was repeatedly flushed with 5 mL of ice-cold 
RPMI 1640 basal medium and cells were collected from the peritoneal 
exudate. Erythrocytes were lysed for antibody staining. All antibodies 
were incubated with the cells on ice at a 1:200 dilution for 15 min, then 
washed, resuspended, and analysis on a FACSC anto II (BD 
Biosciences) using FlowJo software.

Real-time PCR

Peritoneal macrophages were extracted from the peritoneal cavity 
of mice. After 24 h of adhesion of macrophages to petri dish in 
complete medium containing 30% FBS, the macrophages were 
purified by washing away the non-adhesive cells and cultivated in 
serum-free basal medium supplemented with different drugs. For real-
time PCR analysis, RNA was extracted using the TaKaRa RNAiso Plus 
kit. cDNA was reverse transcribed using Novozymes HiScript IV RT 
SuperMix for qPCR. Real-time PCR was performed on a QuantStudio5 
detection system using SYBR green qPCR Master Mix (Table 1).

Sorting peritoneal macrophages for 
RNAseq

To compared the effect of 24 h RA treatment on the SPMs and 
LPMs, we  separated the mice into two groups: control and RA 

treatment. Upon the injection of bacteria containing pUC19-
tdTomato, both SPMs and LPMs in the peritoneal cavity can 
be detected based on the antibody staining and phagocytosis of E. coli. 
SPMs and LPMs from the respective group were isolated from the 
peritoneal cavity using flow cytometry sorting. Total RNA was 
extracted from cell pellets using Trizol reagent according to the 
manufacturer’s protocol. The library was constructed using 
SMART-Seq_V4 Ultra Low Input RNA Kit for Sequencing. High-
throughput RNA sequencing was performed using the Illumina 
NovaSeq Xplus platform, the raw data of which have been uploaded 
to GEO database.

Bioinformatics analysis

Reference genome and gene model annotation files were directly 
downloaded from http://ftp.ensembl.org/pub/release-77/gtf/mus_
musculus/. The index of the reference genome was built using Bowtie 
v2.2.3 and paired-end clean reads were aligned to the reference 
genome using STAR software. The alignment was converted to gene 
expression raw counts using feature counts and listed as a gene 
expression matrix, which can be included in the Supplementary data 
(on request). Prior to differential gene expression analysis, for each 
sequenced library, the read counts were adjusted by the edge R 
program package through one scaling normalized factor. Differential 
expression analysis of two conditions was performed using the DEG 
Seq R package (1.20.0). GSEA scoring of leukocyte migration was 
based on the hallmarker gene signature from GO database.

ZIF-8 nanoparticles loaded with RA

Anhydrous ethanol was employed to solubilize 1 mg/mL ZIF-8 
nanoparticles and RA individually, and the two were ultimately 
combined and loaded into the ZIF-8 Nanoparticles at 4°C. The loading 
amount of nanoparticles was tested for fluorescence intensity using a 
Thermo Fischer Multiscan Go Reader microplate reader under Alexa 
Fluor 488.

TABLE 1  Primers sequence.

Gene Forward primer Reverse primer

Apoc2 ctcggttcttcctggctctat catgctgatcgggtatgtctt

Arg1 atggaagagtcagtgtggtgctg tcaggagaaaggacacaggttgc

Cd62p gaacctttgggtacaacagca ttactgggaaccggaaactct

Cd73 agaaagttcgaggtgtggacat cttcaggtagcccaggtatttg

Fn1 caagccacagtttctgatattcc tctgctcctggtttaatgttgtt

Gata6 accatcaccatcacccgacctac ctctccgacaggtcctccaacag

Icam2 acagctctgaaaaaggacggtct gcagtattgacaccaccacgatg

Lrg1 agctatggtctcttggcagcatc aattccaccgacagatggacagt

Rarb acatgatctacacttgccatcg tgaaggctccttctttttcttg

Serpinb2 gtgctgaagaagctagggaaaa gttcacacggaaaggataaagc

Tgfb2 gtctcaacaatggagaaaaatgc ctggttttcacaaccttgctatc

Thbs1 ggagatggaatcctcaatgaac aagtgtcccctatgaggtctga

Cd49f ctgaattcaaatgaagccaaaac gactaattctgggatgccttttt
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Statistical analyses

One-way ANOVA and student t test were employed for the 
statistical analyses respectively, with a significance level of p < 0.05. 
The results of all replicate experiments are presented, with values 
expressed as Mean ± SEM.

Results

In flow cytometry analysis of peritoneal lavage fluid, different 
peritoneal cell populations were differentiated not only on the basis of 
their size (SSC), but also on the basis of their expression levels of 
CD11b and F4/80. These included: peripheral blood-derived 
monocytes, LPMs, and SPMs (Figure  1A). Large peritoneal 
macrophages and small peritoneal macrophages were subsequently 
subdivided on the basis of their expression of Ly6c and MHC II. LPMs 
were characterized by high expression of F4/80 and low expression of 
Ly6c, whereas SPMs were characterized by high expression of Ly6c 
and MHC II (Figure 1B).

To study the impact of RA on the peritoneal macrophages during 
inflammation, a peritonitis model was established by using the E. coli 
Tdtomato strain. C57BL/6 mice were injected intraperitoneally with 
1 × 107 CFU of the E. coli Tdtomato strain. The peritoneal mesothelium 
and the greater omentum were observed to detect the aggregation of 
bacterial phagocytosis at 60 min post-injection. Also, we photographed 
the peritoneal mesothelium and the greater omentum after injections 
of Alexa Fluor 488 labeled RA. The results showed that RA was 
distributed around the macrophage aggregates in the mesothelium 
(Figure  2A) and the greater omentum (Figure  2B). After further 
injection of E. coli, clustering of RA, E. coli Tdtomato and F4/80 
staining was observed in the aggregates, suggesting that RA may 
influence the local immune response by regulating macrophage 
migration and aggregation. Notably, cells phagocytosing high 
concentrations of RA did not completely overlap with cells 
phagocytosing large amounts of E. coli.

To gain further insight into the impact of retinoic acid on 
peritoneal macrophages in the context of E. coli infection, a flow 
cytometry analysis was conducted based on two treatment groups: one 
group injected with only E. coli, and the other group injected with 
RA. The majority of F4/80+ macrophages were observed to 

phagocytose E. coli within 30 min. By 60 min, the number of F4/80+ 
macrophages that had phagocytosed bacteria had decreased 
substantially, with the majority of these cells disappearing by fourth 
(Figure 3A). However, the RA group was injected and demonstrated 
the ability to persist at the fourth hour (Figure 3C), indicating that 
macrophages phagocytosing RA are more stable in mice compared to 
macrophages phagocytosing bacteria. This indicates that RA is not 
rapidly metabolized or cleared. In particular, by the fourth hour, there 
was a notable decrease in cellular phagocytosis, which may have been 
attributed to a macrophage disappearance response to the substantial 
early depletion of macrophages. It was evident that retinoic acid 
reached its peak effect on macrophage activity at 60 min, after which 
a decline was observed (Figure 3D). This indicates that retinoic acid 
exerts a considerable influence on macrophage phagocytosis during 
the initial stages, although this impact may diminish over time. 
Additionally, we investigated the impact of RA on bacterial uptake by 
macrophages. The bacteria were injected 24 h after the administration 
of RA, and an increase in SPMs of F4/80 cells and a decrease in LPMs 
of F4/80 cells were observed (Figure  3B). This indicates that the 
recruitment or activation of macrophages may have been enhanced 
following RA treatment, resulting in an increased number of 
macrophages or a greater proportion of specific subpopulations within 
24 h (Figure 3A).

To elucidate the mechanism of retinoic acid action in macrophages 
of different origin, we  performed quantitative polymerase chain 
reaction (qPCR) analysis of key gene expression in peritoneal 
macrophages (Figure 4A) and bone marrow-derived macrophages 
(BMDM, Figure 4B) under different treatment conditions. The aim of 
this experiment was to investigate the regulatory effects of RA on 
macrophage gene expression and the potential synergistic effects of 
intraperitoneal lavage fluid as an additional signaling source. The 
peritoneal macrophages were initially treated with RA and the 
peritoneal lavage, which served as an additional source of signals. The 
peritoneal lavage was prepared in a serum-free medium devoid of any 
vitamin A metabolite. This resulted in a notable induction of Arg1, 
Fn1, Gata6, and Rarb by RA, while the expression of CD49f, Icam2, 
Tgfb2, Lrg1, and serpinb2 was all found to be down-regulated. The 
observed alterations in gene expression suggest that RA may regulate 
macrophage activity and function by influencing cell adhesion, 
fibronectin production, intercellular signaling, and other biological 
pathways. In the peritoneal lavage-treated group, a trend of 

FIGURE 1

Peritoneal macrophage subpopulations. (A) Definition of LPMs and SPMs populations based on the expression of CD11b and F4/80 using flow 
cytometry. (B) Expression of by Ly6c and MHC II on LPMs and SPMs.
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up-regulation was observed for Apoc2, Thbs1, Arg1, Cd62p, Tgfb2, 
and Thbs1. In the peritoneal lavage plus RA-treated group, Apoc2, 
Cd62p, Arg1, Lrg1, Rarb, and Thbs1 were found to be up-regulated, 
indicating that the components in the peritoneal lavage may have a 
coordinating effect, thereby further enhancing the expression of these 
genes (Figure 4A).

The same cultivation condition were employed to treat bone 
marrow-derived macrophages, and it was determined that Apoc2, 
Arg1, Cd62p, Cd73, Rarb, and Thbs1 were induced by RA. In the 
peritoneal lavage -treated group, an increase in the expression of 
Apoc2, Arg1, Cd62p, Cd73, Cd49f, Tgfb2, Thbs1, and Rarb was 
observed, indicating that the components in the peritoneal lavage may 
have a promotional effect on the expression of these genes in the 
BMDM (Figure  4B). The different effects of RA on peritoneal 

macrophages and BMDM may be related to their different origins and 
differentiation characteristics. LPMs, as peritoneal resident cells, may 
be more responsive to changes in local signaling molecules, whereas 
BMDM, due to their origin from myeloid cells, may be sensitive to 
systemic metabolic signals. These results further highlight the 
potential role of RA in regulating the function of different 
macrophage subpopulations.

In this study, SPMs and LPMs from the peritoneal cavity of mice 
were categorized after RA treatment, and RNA sequencing was 
performed 24 h post-RA treatment to decipher their genome-wide 
expression. Prior evidence pointed to a varied set of DEGs between 
SPM and LPMs concerning gene expression, thereby permitting the 
annotation of selective traits of either SPMs or LPMs genes. The aim 
of this study was to see if RA influences SPMs and LPMs functional 

FIGURE 2

Immunofluorescence analysis of phagocytosis of RA and E. coli as well as the aggregates of macrophages on the peritoneal mesothelium and the 
greater omentum. (A) Immunofluorescence images of peritoneal mesothelial tissue showing the distribution of F4/80 staining (white), RA (green) and 
E. coli Tdtomato (red). (B) Immunofluorescence images of the greater omentum with F4/80 staining, RA and E. coli Tdtomato.
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activity via the modification of these engaged gene signatures. Post 
RNA sequencing analysis denoted that SPMs of the treated group 
maintained higher expression of “SPMs” gene signatures, while LPMs 
lost their expression of distinctive “LPMs” genes when treated with RA 
(Figures 5A,B). This indicates that RA seems to have a regulatory effect 
on the transcriptome which clearly differs between SPM and LPMs. In 
order to further characterize RA functional effects on SPMs and LPMs, 
GO analysis was performed. Contrarily, when compared to untreated 
LPMs, RA-untreated SPMs significantly express GO functions 
connected to cell migration and adhesion, such as actin-binding, actin 
filament binding, small GTPase binding, and integrin binding 
(Figure  5C). The SPMs-associated cell migration functions were 
effectively enhanced in the RA treated group; in contrast, no significant 
upregulation was seen within treated LPMs. This suggests RA might 
drive SPMs distribution and expansion by encouraging cell migration 
(Figure 5D). GSEA was therefore performed on metadata of leukocyte-
targeted migration genes in RA-treated SPMs blood to test this 
hypothesis. Analysis of the genes showed that SPMs from the 

RA-treated group had significant enrichment of leukocyte-targeted 
migration genes when compared to the untreated SPMs (Figures 5E,F). 
Probably, such functional differences cannot be linked to the ability of 
macrophages to phagocytize bacteria and might explain rather the 
changed distribution of SPMs and their expansion under RA 
conditions. KEGG results showed (Supplementary Figure 2A) that 
DEGs were mainly involved in Efferocytosis, cytokine–cytokine 
receptor interaction, Rap1 signaling pathway, Phagosome, NOD−like 
receptor signaling pathway. In closing, these data suggest that RA has 
a profound effect on the differentiation genes and functional state 
characteristics of SPM and LPM by regulating cell migration and 
adhesion-related genes. To confirm the involvement of SPM, peritoneal 
macrophages from mice injected with E. coli were analyzed for CD44 
and CCR2 flow 24 h after RA pretreatment; CD44 was expressed at a 
high level up to 30 min before the peak time point, followed by a steady 
decline. In contrast, there were no significant changes in the control 
(blank) and RA alone treated groups (Supplementary Figure  2B). 
CCR2 was not significantly different between the two groups. This 

FIGURE 3

Flow cytometric analysis of macrophage phagocytosis of bacteria, RA uptake, and the effect of RA on phagocytosis of bacteria. (A) Phagocytosis of 
SPMs by macrophages in the peritoneal cavity of Escherichia coli and after 24 h of RA injection (24 h of RA pretreated group was not sampled after 
4 h). (B) The ability of macrophages to phagocytose SPMs and LPMs bacteria was calculated separately 24 h after RA injection. Bars are expressed as 
mean ± SEM (n = 6) and significant differences were tested by t-test. (C) Phagocytosis of RA by peritoneal macrophages. (D) Quantitative 
determination of bacterial phagocytosis by macrophages after RA injection. Bar graphs are expressed as mean ± SEM (n = 6) and significant differences 
were calculated using one-way ANOVA.
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suggests that CD44 expression in macrophages increased at 60 min 
post-infection after 24 h of RA pretreatment, indicating that RA 
treatment enhanced the time-dependent expression of adhesion 
molecules on the macrophage surface.

To improve the sustained loading capacity of retinoic acids in 
macrophages, we designed a drug-loading system based on ZIF-8 
nanoparticles (Figure  6A). ZIF-8 is a stabilized metal–organic 
framework (MOF) that is widely used in delivery systems for its good 
biocompatibility and drug-loading capacity (Supplementary Figure 2C). 
In this study, we loaded RA into ZIF-8 with the aim of prolonging its 
retention time in macrophages and thus overcoming the limitation of 
rapid metabolism of RA injected alone (Supplementary Figure 2D). 
We  first verified the phagocytosis of ZIF-8 loaded with RA by 
peritoneal macrophages through in vitro experiments (Figure 6B). The 
results showed that macrophages were able to effectively phagocytose 
RA-loaded ZIF-8, and the nanoparticles were uniformly distributed in 
macrophages. Subsequently, we  injected RA-loaded ZIF-8 into the 
abdominal cavity of mice. In vivo experiments showed that RA 
nanoparticles were still stably present in macrophages 4 h after 
injection, and the proportion of RA-loaded F4/80-positive 
macrophages was significantly increased compared with that of RA 
alone. More importantly, a small residue of RA nanoparticles was still 
detected in F4/80-positive macrophages 8 h after injection (Figure 6C). 
This result suggests that RA-loaded ZIF-8 nanoparticles significantly 
prolonged the presence of RA in macrophages compared with the 
rapid metabolism or clearance of RA injected alone. In conclusion, this 
study demonstrates the potential of a ZIF-8-based nanoparticle 
delivery system in prolonging the duration of RA within macrophages. 
This strategy provides new ideas for the application of RA in 
inflammation regulation and lays the foundation for future studies on 
the role of nanoparticle delivery systems in immunotherapy.

Discussion

Retinoic acid, a known immunomodulator, has been 
demonstrated to regulate the expression and function of macrophages, 

playing an integral role in the immune response (6, 7, 17). In this 
study, we demonstrated the pivotal role of RA in LPMs and E. coli 
infection through the use of immunofluorescence, flow cytometry, 
and qPCR. It was observed that RA was predominantly distributed in 
mesothelial and omental tissues and surrounded by F4/80-positive 
macrophages following the injection of RA (7, 18, 19). This suggests 
that RA may modulate its antimicrobial capacity by affecting the 
distribution and function of macrophages in the peritoneal cavity. 
Furthermore, a 24 h RA injection treatment resulted in a significant 
prolongation of macrophage phagocytic activity of bacteria, indicating 
that RA treatment has facilitated bacterial clearance by enhancing the 
early phagocytic response and rapidly activating macrophage-
associated gene expression. In peritoneal macrophages treated with 
RA, the expression of genes such as Apoc2, Arg1, Cd62p, Lrg1, Rarb, 
and Thbs1 was highly upregulated. The respective change in expression 
from these genes would further strengthen the supposed important 
function of the RA pathway in regard to macrophage metabolism and 
anti-inflammatory functions (5, 20). In addition, the transcriptome 
profiles from systematic analysis showed that RA treatment greatly 
increased the expression of SPMs-identifying genes and was also 
related to leukocyte migration underlining the importance that RA 
probably holds in stimulating abdominal immune defense responses 
through the recruitment of SPMs. With these collective insights, the 
present major findings uncover how significantly RA controlled 
phagocytosis by macrophages and altered their numbers and 
distribution within the peritoneal cavity. Such findings not only 
broaden the horizon of the understanding of the mechanism of the 
importance of RA in immunomodulation but also pave the way for 
new insights and scientific bases for the therapeutic potential of RA in 
controlling infection.

In the initial stages of bacterial invasion, LPMs rapidly 
accumulate at the site of infection and eliminate invading 
pathogens through phagocytosis. However, they are eliminated 
from the peritoneal fluid when the peritoneum is inflamed (11, 12, 
16). Unfortunately, LPMs, while not directly linked to apoptosis, 
is able to migrate to injured tissues and establish binding 
interactions. In this aseptic liver injury model, such LPMs migrates 

FIGURE 4

Distinct profiles of RA-response genes in peritoneal macrophages and BMDM. (A) In peritoneal macrophages, RA treatment significantly up-regulated 
the expression of Fn1, Gata6, Arg1, and Rarb (*p < 0.05). (B) In BMDM, RA treatment resulted in the up-regulation of the expression of the indicated 
genes. However, the trend observed for Rarb and Thbs1 differed from that seen in peritoneal macrophages. All data were subjected to one-way 
ANOVA for significance analysis, with n = 6 for each repeated experiment.
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FIGURE 5

RA treatments promote the expression of genes of SPM signature as well as genes relevant to leukocyte migration. Gene set enrichment analysis 
(GSEA) visualization of gene signatures of SPM in the E. coli phagocytosing SPMs (A) and LPMs (B) treated with or without RA. GO enrichment analysis 
in the E. coli phagocytosing (C) or free (D) SPMs treated with vs. without RA. GSEA visualization of gene signatures of leukocyte migration in the E. coli 
phagocytosing (E) or free (F) SPMs treated with or without RA.
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to the area of injury, controlling whether the necrotic tissue is 
bound and thus enhancing the preferred clearance processes. 
LPMs is one of the mechanisms of defense employed against 
infection, yet these E. coli models or systems in which heparin was 
injected resulted in increased peritoneal cavity bacterial load in 
mice (13), with corresponding increases in mortality. Thus, this 
suggests what could be of potential use in infection management 
given the fact that there is possible retention or restoration of 
LPMs function. There is increased resistance to infections with 
LPMs linked to RA treatment. RA can extend the time for LPMs 
to remain in peritoneal fluid by modulating their distribution and 
activity in the early phases of infection and by boosting their 
phagocytosis and antimicrobial functions. This gives a solid 
theoretical background for the anticipatory employment of RA in 
the management and control of inflammatory diseases 
and infections.

It is proposed that RA may facilitate bacterial clearance by 
enhancing the early phagocytic response and rapidly activating 
macrophage-associated gene expression. The modulation of 
macrophage phagocytosis by RA is consistent with existing literature 
findings that RA enhances macrophage recognition and clearance of 
pathogens by regulating the expression of phagocytosis-related genes 
in the immune response (21). In the RA-treated group of peritoneal 
macrophages, the upregulation of Arg1 may be associated with the 
shift of macrophages to an anti-inflammatory phenotype, as evidenced 
by previous research (22). Furthermore, the up-regulation of Rarb 
suggests positive feedback regulation of the RA signaling pathway, as 
observed in other studies (17). In addition, RA has selective effects on 
small peritoneal macrophages populations. During the early stages of 
the peritonitis response, when the classical macrophage disappearance 
response (MDR) leads to LPM depletion, SPMs are recruited to 
engage in phagocytosis and thus play a key role in maintenance of the 

FIGURE 6

Nanoparticles improved the persistence of RA. (A) Fluorescence intensity analysis of ZIF-8 nanoparticles loaded with RA. (B) Microscopic imaging of 
RA-loaded ZIF-8 nanoparticles phagocytosed by peritoneal macrophages (left) and empty ZIF-8 (right) in vitro. (C) Time course of peritoneal 
macrophages that uptake ZIF-8 nanoparticles loaded with RA.
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peritoneal inflammatory response. Our study further revealed that 
increased recruitment of SPMs was associated with significant 
up-regulation of their characterized genes and showed high scores of 
leukocyte migration related genes by genomic enrichment analysis 
(GSEA). Among the KEGG pathways it was shown that in 
Efferocytosis signaling pathway was the most significantly enriched 
pathway, mainly associated with genes such as Arg1, Mfge8, Alox15, 
Cx3cr1, etc. Efferocytosis is a process by which macrophages or other 
macrophage cells remove apoptotic cells by recognizing and removing 
them, and it is a key mechanism for maintaining tissue homeostasis 
and immune balance. Apoptotic cells activate the Efferocytosis 
pathway by releasing inflammatory factors, which can promote M2 
macrophage polarization to inhibit the inflammatory response and 
achieve efficient, anti-inflammatory clearance. Unlike ordinary 
phagocytosis, it is highly specific and relies on chemokines such as 
CXCL1 (binding receptor CX3CR1) to attract macrophages to migrate 
to the vicinity of apoptotic cells to promote phagocytosis initiation 
(23, 24). This suggests that RA not only plays an important role in 
enhancing macrophage phagocytosis, but may also modulate 
peritoneal inflammatory responses by promoting recruitment and 
functional enhancement of SPMs. In our flow cytometry, we showed 
an increase in CD44 expression in early macrophages 24 h after RA 
pretreatment; however, this appeared to be a transient effect. This 
suggests that RA could act in an immunomodulatory manner to 
promote the adhesion and migration of macrophages in early infection 
phases through the CD44 pathway. The majority of CCR2 expression 
changes were limited, indicating that RA-escorting macrophage 
modulation was, temporally speaking, mainly dependent on the CD44 
pathway. In conclusion, these findings clarify the final mechanism of 
RA in the modifications of macrophage functioning and outline the 
temporal features etiological to the pharmacological effects. With 
corroboration from long-term observational studies, more data from 
RA would further increase macrophages’ functional status in a more 
sustained manner.

It was observed that in macrophages treated with RA-loaded 
ZIF-8 nanoparticles, the nanoparticles were still retained by F4/80-
positive cells after 8 h. This is correlated with the feature of ZIF-8 with 
adjustable sustained release of loaded drugs (25). More interestingly, 
this prolongation suggests that the nanoparticles not only increased 
the retention time of RA in vivo but may also have altered the dynamic 
distribution and function of macrophages, which provides new clues 
for an in-depth study of the role of nanocarriers in immunomodulation.

In conclusion, our data provide a more in-depth theoretical basis 
for understanding the regulatory role of RA in infection and 
inflammation, as well as new ideas for developing therapeutic 
strategies targeting RA. However, it should be noted that this study 
has certain limitations, On the whole such limitations do not interfere 
with the scientific value of this study; instead, they should provide a 
precise path for the improvement of future studies and move the 
application of RA forward within infection control and 
immunotherapy. RA has very relevant effects in the regulation of 
peritoneal macrophage function, and the RA delivery system 
demonstrated is a promising candidate for prolonging the 
bioavailability of the active drug. To cite some possible limitations: 
The investigations performed used a single animal model of peritonitis 
and an in vitro macrophage culture system which somehow do not 
allow a full representation of the varied pathological mechanisms 
behind human peritonitis. This study has been quite limited in the 

evaluation of the respective effect of RA over the long run in 
regulating innate immune responses during various stages of 
inflammation, as well as the control spanning over limited time 
intervals (60 min, 4 h, and 24 h). Besides, the specific distinction of 
LPMs from SPMs has not yet been finely analyzed nor have 
we independently assessed the expression of genes representing LPMs 
and SPMs in qPCR: this will affect our understanding of specific RA 
regulatory roles across different macro-phage subpopulations. In our 
ZIF-8 nano-delivery system, retention studies on a longer duration 
for RA in macrophages have not been performed, and still, we are 
under an open question about the stability of nanoparticles in 
complex  vivo environments. Future studies are expected to fully 
optimize the nanoparticle-loaded drug regimen and to evaluate the 
scope of that treatment in other infection, or inflammation models. 
After taking into account those limitations, we  aim to perform 
dynamic sequencing on multiple models/time points for single-cell 
monitoring. We  shall further see the in-depth system to realize 
RA-modulated different macrophage subpopulation modes during 
peritonitis and allergenic strife. Also, this would further bolster robust 
nanocarrier delivery systems, and enhance the stability and clinical 
prospect of RA.
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SUPPLEMENTARY FIGURE 1

Immunofluorescence analysis of phagocytosis of RA and E. coli and 
macrophage aggregation on peritoneal mesothelium and greater 
omentum at different scales. (A) Immunofluorescence images of 
peritoneal mesothelial tissue showing the distribution of F4/80 staining 
(white), RA (green) and E. coli Tdtomato (red). (B) Immunofluorescence 
images of the greater omentum with F4/80 staining, RA and E. 
coli Tdtomato.

SUPPLEMENTARY FIGURE 2

(A) KEGG pathway enrichment analysis of LPM and SPM after RA treatment. 
(B) FACS analysis of CCR2 and CD44 expression in mice after 
intraperitoneal RA treatment. (C) Morphology of ZIF-8 under transmission 
electron microscope. (D) High performance liquid chromatography 
showed that ZIF-8 was loaded with retinoic acid, and ZIF-8 particles 
successfully encapsulated retinoic acid in 8 min, and the separation effect 
was well.

SUPPLEMENTARY FIGURE 3

Integrated technical workflow for RA-related macrophage study.
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