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Abstract

Metabolic diseases, including obesity and type 2 diabetes, pose
a growing public health and economic burden worldwide. Conven-
tional dietary guidelines often fail to address individual nutritional
needs or to achieve adherence in resource-constrained settings.
This Perspective highlights an integrative framework that leverages
Large Language Models (LLMs), Retrieval-Augmented Generation
(RAG), and federated learning to enable culturally sensitive, priva-
cy-preserving, and scalable dietary interventions. Building on prior
simulation studies demonstrating over 80% compliance with clinical
nutrition targets such as DASH and EASD guidelines, this approach
supports real-time, explainable nutrition guidance through virtual nu-
tritionist systems. The framework aligns with clinical nutrition prac-
tices, emphasizes sustainable and localized dietary strategies, and
has the potential to enhance digital health equity by extending evi-
dence-based nutritional support to underserved populations. Future
real-world validation and long-term studies are needed to assess the
public health impact of such Al-driven nutrition systems.
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Introduction

Metabolic diseases such as obesity and type 2 diabetes affect over
537 million adults globally, with economic costs exceeding US$1.3
trillion annually [1]. In the Netherlands, more than half of adults
are overweight and approximately 1.2 million live with type 2 di-
abetes [2]. Clinical nutrition guidelines-though essential for public
health-often lack the granularity required to address individual varia-
tion in dietary needs and cultural eating patterns. This gap is particu-
larly evident in underserved or low-resource settings, where tradition-
al nutrition counseling remains difficult to scale.

The expanding availability of digital platforms presents an op-
portunity to deliver personalized nutrition interventions that are both
adaptive and clinically aligned. Advances in Artificial Intelligence
(Al), Especially Large Language Models (LLMs), have opened path-
ways for translating dietary guidelines into actionable, context-aware
recommendations [3]. This Perspective explores the role of Al-pow-
ered nutrition frameworks that integrate personalized dietary guid-
ance with clinical and public health goals. Building on prior simu-
lation studies of Al-driven recipe generation for obesity and type 2
diabetes [4], the proposed framework aligns with the broader objec-
tive of improving dietary adherence and managing metabolic risk fac-
tors at scale.

Potential of LLMs in Metabolic Nutrition Care

LLMs can analyze unstructured dietary data, such as food diaries
and lifestyle metrics, to provide tailored recommendations that align
with clinical nutrition targets. When combined with Retrieval-Aug-
mented Generation (RAG), these models integrate evidence from
structured dietary databases, such as USDA guidelines and Dutch
RIVM data, to produce balanced meal plans that meet caloric, fi-
ber, and glycemic criteria [4]. Recent experiments have shown that
LLM-generated recipes can achieve compliance rates exceeding 80%
for DASH-aligned dietary targets, including <350kcal per meal and
>8g of dietary fiber [4].

Federated learning extends this capability by enabling localized
model training on region-specific dietary data while preserving data
privacy [5]. This ensures that dietary recommendations are not only
nutritionally sound but also culturally relevant-for example, substitut-
ing local lentils for quinoa or adapting seasoning patterns to region-
al preferences. Moreover, the interpretability of outputs (e.g., “chia
seeds help stabilize postprandial glucose levels”) improves trust and
usability across diverse literacy levels [S].

Challenges and Limitations

Despite these advantages, LLM-driven nutrition systems face no-
table limitations. Unvalidated outputs may include unsafe or nutri-
tionally imbalanced suggestions-such as recommending high-sugar
foods for diabetic patients-if robust safety layers are not in place [6].
This highlights the need for virtual nutritionist layers that cross-check
model outputs against validated dietary guidelines before presenta-
tion to users.
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Biases in training datasets, which are often Western-centric, may
lead to culturally inappropriate recommendations or exclusion of lo-
cal foods [7]. Additionally, federated learning requires standardized
data formats across institutions, and LLMs currently lack intrinsic
accountability for clinical decision-making [8]. These challenges un-
derscore the importance of rigorous human oversight, robust testing
in clinical nutrition settings, and adherence to regulatory standards
before implementation.

Misinformation and Trustworthiness

Trust in Al-driven nutrition tools depends on their transparency,
clinical alignment, and reproducibility. Human-in-the-loop systems
involving registered dietitians or primary care providers can ensure
that Al-generated outputs support rather than replace professional
judgment. Auditing mechanisms-such as prompt logging and repro-
ducibility tracking-further strengthen reliability. Regulatory frame-
works like the FDA’s Digital Health Software Precertification Pro-
gram provide a potential pathway for validating such tools in clinical
nutrition care.

Related Work and Research Gaps

Current digital health platforms often lack real-time personal-
ization or culturally adaptive meal planning. Existing tools such as
NGQA or MOPI-HFRS offer limited integration of federated learn-
ing or retrieval-based personalization [9,10]. Previous studies using
Dutch cohorts demonstrate feasibility in generating personalized
nutrition plans [11,12], but large-scale clinical deployment remains
underexplored.

A critical gap lies in combining local food systems, patient bio-
metrics, and clinical dietary guidelines into a unified platform. Few
systems successfully merge DASH or ADA guidelines with dynamic
personalization and cultural adaptation. Addressing these gaps re-
quires cross-disciplinary efforts spanning nutrition science, data eth-
ics, and Al

Key Opportunities for Translation

The integration of Al in clinical nutrition offers multiple avenues
for impact:

1. Global Clinical-Nutritional Repositories: By linking biomark-
ers, diet logs, and regional food databases, multimodal datasets
can enable fine-tuned LLM personalization aligned with DASH
and Mediterranean diets [13].

2. Ethical Deployment Ecosystems: Federated models adhering to
GDPR and HIPAA principles ensure data security while reducing
the risks of misinformation [14].

3. Explainable AI in Nutrition Counseling: Substituting high-carb
foods with low-glycemic alternatives through transparent explana-
tions supports adherence and patient understanding [15].

b

Bias Mitigation: Leveraging multilingual and inclusive datasets
can reduce failure rates in recipe generation and improve cultural
alignment [16].

5. Community Engagement: The use of “digital navigator”
roles-community health workers trained to bridge usability gaps-
can increase digital literacy in low-resource settings [17,18].

6. Sustainable Business Models: Virtual nutritionist systems can
generate employment opportunities while scaling dietary counsel-
ing in rural or underserved communities [19].

Figure 1 illustrates this sociotechnical framework, highlighting the
flow of data from clinical observations, national dietary guidelines,
biomarkers, and food diaries into Al-powered models. It emphasizes
the interplay between federated learning, socioeconomic adaptability,
user feedback, and policy-level integration to create culturally appro-
priate, sustainable, and equitable nutrition interventions.

Figure 1: A sociotechnical framework for equitable, personalized nutrition in meta-
bolic care. Large Language Models (LLMs) are fine-tuned through federated learning
and cultural preferences. A virtual nutritionist layer validates outputs, while ethical
governance ensures compliance with data trust and open-source principles. Feedback
loops from users and policy systems enable adaptive updates, aligning outcomes with
Sustainable Development Goals (SDGs) 3, 10, and 13.

Scaling Impact and Public Health Relevance

This framework supports both individualized care and popula-
tion-level strategies. By delivering telehealth-compatible, seasonal
meal plans that draw on locally sourced ingredients, the system can
reduce barriers to dietary adherence while promoting environmental
sustainability. Such Al-driven systems can also assist policymakers
in reducing dependence on imported foods, optimizing dietary pat-
terns for both health and ecological outcomes. Integrating knowledge
graphs into this ecosystem enables dynamic labeling and sustainable
ingredient substitutions aligned with SDGs 12 and 13 [20].

Conclusion and Outlook

The convergence of large language models, federated learning,
and nutritional science offers a promising pathway for next-genera-
tion clinical nutrition support. By enabling real-time, culturally aware,
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and privacy-preserving dietary guidance, these frameworks have the
potential to strengthen both individual health outcomes and public
health nutrition strategies. However, their success hinges on transpar-
ent validation, ethical oversight, and collaboration across healthcare,
nutrition science, and Al development. As digital tools increasingly
shape the future of dietary care, ensuring equity, safety, and trust will
be central to their acceptance and impact.
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