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ABSTRACT: Modern pharmacology usually tests one drug at a time. However, in the real world, patients take
pharmaceuticals alongside herbal supplements and bioactive food components.This article looks at the massive complexity of
these combinations and what they mean for patient safety. Using data from DrugBank and botanical databases, we estimate
that humans regularly encounter about 33,987 bioactive substances. This leads to more than 570 million potential pairwise
interactions a scale that makes it impossible for doctors to memorize or for labs to test. Adverse drug reactions should be seen
as a result of a complex system rather than just a "bad drug.” We argue for a shift toward systems pharmacology and the use
of computer tools to manage the unpredictability of modern medicine.
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1. INTRODUCTION

It is very rare for a person to consume just one bioactive substance. Most patients navigate a landscape of prescriptions, over-
the-counter products, and herbal supplements, all mixed with food chemicals and environmental pollutants [21, 27]. Once
swallowed, these compounds all hit the same metabolic enzymes and signalling pathways [24, 31]. Figure 1 provides a visual
overview.
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FIGURE 1 Unified Pharmacological Interaction Model.

The human body does not care whether a molecule comes from a synthetic pill, a plant extract, or a meal; it is processed the
same way. Despite this, drug testing still focuses on single agents in controlled settings. This creates a huge gap between lab
results and the "polysubstance" reality of modern life. Medicines, herbs, and foods share the same biological pathways like
Cytochrome P450 enzymes meaning they can easily boost, block, or cancel each other out [29, 32,36].

1.1. THE HUMAN BODY AS AN EXCHANGE SYSTEM

This paper focuses on substances taken by mouth. The body acts as a continuous exchange engine: It takes in matter and
energy through the gut, lungs, and skin, transforms them, and releases by-products through breath, sweat, and urine. The gut is
the primary interface through which nutrients are absorbed and toxins are filtered. All this is embodied in Figure 2.
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FIGURE 2 The human body as an open exchange system.

2. THE BIOMEDICAL MICROCOSM
Our chemical exposure goes far beyond medicine. The modern "exposome" includes alcohol, tobacco, pollution, and food
additives. These substances put a constant load on the same metabolic pathways used by drugs. Common food packaging
chemicals, like Bisphenol A (BPA) and phthalates [1, 5], act as metabolic disruptors that interfere with how our enzymes are

expressed [35,38].

FIGURE 3 The Biomedical Microcosm of Human Exposure.

This "biomedical microcosm", where thousands of substances circulate at once, explains why drug efficacy varies so much
from one person to another [23, 33].

TABLE 1 Clinically relevant xenobiotics in the food supply chain

Chemical / Additive Common Sources Pathophysiological Risk & Metabolic Impact Key References
Bisphenol A (BPA) Plastics, can linings Endocrine disruption; metabolic dysregulation [1,2,37]

PFAS Non-stick cookware Immunotoxicity; thyroid hormone interference [3,4]
Phthalates Plastic containers Androgen interference; developmental toxicity [5, 6]

Artificial Sweeteners Diet sodas, snacks Gut microbiota alteration; metabolic disorder [7, 8]

Synthetic Colorants Processed foods Neurobehavioral effects: hypersensitivity [9, 10]
Preservatives Packaged snacks Potential carcinogenicity; hepatic induction [11,12]
Pesticide Residues Fruits, vegetables Chronic neurotoxicity; hormone disruption [13,14]

3. QUANTIFICATION OF BIOACTIVE DIVERSITY

The sheer number of substances is staggering. DrugBank identifies about 4,784 approved drugs [19]. However, the Royal
Botanic Gardens, Kew, lists at least 28,187 medicinal plant species [20]. When you add in bioactive compounds from common
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foods, we reach a conservative estimate of 33,987 distinct substances. Clinical models that assume a patient is only "on one
thing" are clearly inadequate.

4. THE PRESCRIBING PARADOX
The real difficulty is how these agents interact. With nearly 34,000 potential agents, the number of unique combinations is
calculated using the binomial coefficient:

n\ n!

k) Ek(n— k)

TABLE 2 Combinatorial expansion table (n = 33,987, Calculations by Gemini.Ai)

Interaction Type | Mathematical Representation Total Unique Combinations Approximate Scale
1+ 1 (Pairwise) (33§87) 577,541,091 577.5 million
1+2 (3-way) 13.087 6,542,577,992,545 6.54 trillion
(*37)
(333937) 55,585,742,624,662,320 55.5 quadrillion
2 +2 (4-way) 4

Even at the simplest "1 + 1" level, there are over 577 million potential interactions. By the time a patient takes four
substances, the combinations reach the quadrillions. Prescribing in such environments fostered the metaphor in Figure 4.

Pe

FIGURE 4 The Prescribing Minefield: A Metaphor for Combinatorial Complexity.

This math shows why we need to change how we talk to patients about their results. We often act like a drug’s success is
guaranteed, however in a body full of other bioactives, that success is actually a moving target. When a patient is taking
various supplements and eating processed foods, the "chemical noise" in their system can drown out the "signal" of the
prescription. We should help patients understand that their medicine doesn't work in a vacuum; its effectiveness depends on
the crowded chemical environment it has to navigate once swallowed.

5. THE "NATURAL" FALLACY AND FOOD CHAIN RISKS

A major risk is the "natural-is-safe" idea. Unlike drugs, herbal supplements are often sold as food, leading to inconsistent
doses, contamination, or "silent" interactions that patients forget to report to their doctors [28, 34].

Furthermore, the food supply adds hidden bioactives. Antibiotic residues from livestock create a constant exposure that can
change the gut microbiome and alter how we metabolize oral drugs [15]. Environmental excretion means 75-90% of
veterinary antibiotics enter our soil and water in active forms [16]. In some regions, meat samples show antibiotic levels much
higher than legal limits [39].

5.1. CASE STUDY: NATURAL TOXICITY (THE CASSAVA EXAMPLE)

The risk isn't just from man-made chemicals. Nature produces its own toxins that are just as strong as prescription drugs. For
example, common foods like almonds and cassava contain "cyanogenic glycosides" [17]. If not processed correctly, these turn
into hydrogen cyanide in the body. In Mozambique, poorly processed cassava has caused "Konzo," a permanent condition
where people become paralyzed [18]. This proves that "natural" origin is no guarantee of safety. [25,26]
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5.2. CASE STUDY: HIGH-STAKES CARE (ONCOLOGY)

This complexity is most dangerous in cancer wards. Many oncology patients use herbal supplements alongside chemotherapy.
These "natural" additions can totally change how the body handles chemo drugs [30], either making the chemo too toxic or
washing it out of the system before it can work. In high-stakes care, an unknown herb is just as significant as a drug.

6. TOWARD CLINICAL HUMILITY
The data shows we need to be more humble in our prescribing. In a world of millions of possible interactions, doctors can no
longer be expected to know every outcome. Clinical humility means:

e  Admitting that simple drug models don't always work for complex conditions.

e Treating a patient's diet and herbal intake with the same seriousness as their prescriptions.

e Investigating "weird" drug reactions as a result of the whole chemical system.

7. CONCLUSION

The massive number of possible combinations between medicines, herbs, and foods shows a big gap between how drugs are
tested and how they are actually used. In the real world, we can no longer expect a single drug to behave perfectly every time.
Unpredictability is now a normal part of medicine.

Instead of using over-simplified models, the medical community needs to look at the "big picture" of a patient’s intake. By
practicing clinical humility admitting we can’t predict every single interaction we can better protect our patients. We must
abandon the idea of "perfect prescribing" and instead focus on navigating the complex chemical environment that every
modern patient carries with them.

Declarations and Administrative Statements

Author Contributions

The author was solely responsible for the conceptualization, data synthesis, and mathematical modelling of combinatorial
interaction spaces presented in this article. The author drafted the manuscript, performed the critical literature review, and
approved the final version for submission to the International Journal of Medical Science and Technology.

Conflict of Interest

The author declares that there are no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Funding

This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.
Disclosure of AI Usage in Scientific Illustration

All figures and graphical models included in this manuscript (Figures 1-4) were generated using Gemini.ai (Google) under the
specific conceptual direction and iterative refinement of the author. Such usage is asserted to be in compliance with Google’s
published Terms of Use: https://ai.google.dev/gemini-api/terms

The author has reviewed and verified the scientific accuracy of the underlying biological and systemic concepts depicted in
these generated visualizations.

REFERENCES

[1]1 A. M. Anagharani, “Effects of Bisphenol-A on human endocrine function and health outcomes: a review,” Discover Toxicology, vol. 2,
no. 1, Dec. 2025, doi: https://doi.org/10.1007/s44339-025-00046-6.

[21 J. R. Rochester, “Bisphenol A and human health: A review of the literature,” Reproductive Toxicology, vol. 42, no. 42, pp. 132-155,
Dec. 2013, doi: https://doi.org/10.1016/j.reprotox.2013.08.008.

[3] P. Grandjean and E. Budtz-Jergensen, “Immunotoxicity of perfluorinated alkylates: calculation of benchmark doses based on serum
concentrations in children,” Environmental Health, vol. 12, no. 1, Apr. 2013, doi: https://doi.org/10.1186/1476-069x-12-35.

[41 E. M. Sunderland, X. C. Hu, C. Dassuncao, A. K. Tokranov, C. C. Wagner, and J. G. Allen, “A review of the pathways of human
exposure to poly- and perfluoroalkyl substances (PFASs) and present understanding of health effects,” Journal of Exposure Science &
Environmental Epidemiology, vol. 29, no. 2, pp. 131-147, Mar. 2019, doi: https://doi.org/10.1038/s41370-018-0094-1.

[5]1 J. D. Meeker, S. Sathyanarayana, and S. H. Swan, “Phthalates and other additives in plastics: human exposure and associated health
outcomes,” Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 364, no. 1526, pp. 2097-2113, Jul. 2009, doi:
https://doi.org/10.1098/rstb.2008.0268.

[6] C. G. Basso, A. T. de Araujo-Ramos, and A. J. Martino-Andrade, “Exposure to phthalates and female reproductive health: a literature
review.,” Reproductive Toxicology, Mar. 2022, doi: https://doi.org/10.1016/j.reprotox.2022.02.006.

[71 J. Suez et al., “Artificial sweeteners induce glucose intolerance by altering the gut microbiota,” Nature, vol. 514, no. 7521, pp. 181-6,
Sep. 2014, doi: https://doi.org/10.1038/nature13793.

[8] B. A. Magnuson et al., “Aspartame: A Safety Evaluation Based on Current Use Levels, Regulations, and Toxicological and
Epidemiological ~ Studies,” Critical Reviews in Toxicology, vol. 37, no. 8, pp. 629-727, Jan. 2007, doi:
https://doi.org/10.1080/10408440701516184.

[91 M. A. Cheeseman, “Artificial Food Color Additives and Child Behavior,” Environmental Health Perspectives, vol. 120, no. 1, pp. al5—
al6, Jan. 2012, doi: https://doi.org/10.1289/ehp.1104409.

[10] Kobylewski S, and Jacobson MF, “Food dyes: A rainbow of risks,” Center for Science in the Public Interest, 2010.

12


https://doi.org/10.1007/s44339-025-00046-6
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1186/1476-069x-12-35
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1098/rstb.2008.0268
https://doi.org/10.1016/j.reprotox.2022.02.006
https://doi.org/10.1038/nature13793
https://doi.org/10.1080/10408440701516184
https://doi.org/10.1289/ehp.1104409

Dr. Edward Brell : IJMST 1(2), 09-13, 2025

[11] “Scientific Opinion on the re-evaluation of butylated hydroxytoluene BHT (E 321) as a food additive,” EFSA Journal, vol. 10, no. 3,
Mar. 2012, doi: https://doi.org/10.2903/j.efsa.2012.2588.

[12] W. Lijinsky, “N-Nitroso compounds in the diet,” Mutation Research/Genetic Toxicology and Environmental Mutagenesis, vol. 443, no.
1-2, pp. 129-138, Jul. 1999, doi: https://doi.org/10.1016/s1383-5742(99)00015-0.

[13] S. Mostafalou and M. Abdollahi, “Pesticides and human chronic diseases: Evidences, mechanisms, and perspectives,” Toxicology and
Applied Pharmacology, vol. 268, no. 2, pp. 157-177, Apr. 2013, doi: https://doi.org/10.1016/j.taap.2013.01.025.

[14] WHO, “The WHO Recommended Classification of Pesticides by Hazard and guidelines to classification, 2019 edition,” www.who.int.
https://www.who.int/publications/i/item/9789240005662

[15] B. M. Marshall and S. B. Levy, “Food Animals and Antimicrobials: Impacts on Human Health,” Clinical Microbiology Reviews, vol.
24, no. 4, pp. 718-733, Oct. 2011, doi: https://doi.org/10.1128/cmr.00002-11.

[16] European Medicines Agency. Hormone residues in meat: risk assessment and regulation. EMA. 2018.

[17] L F. Bolarinwa, M. O. Oke, S. A. Olaniyan, and A. S. Ajala, “A Review of Cyanogenic Glycosides in Edible Plants,” Toxicology - New
Aspects to This Scientific Conundrum, Oct. 2016, doi: https://doi.org/10.5772/64886.

[18] M. Eresto et al., “Persistent konzo and cyanogen toxicity from cassava in northern Mozambique,” Acta Tropica, vol. 82, no. 3, pp.
357-362, Jun. 2002, doi: https://doi.org/10.1016/s0001-706x(02)00042-6.

[19] D. S. Wishart et al., “DrugBank 5.0: a major update to the DrugBank database for 2018,” Nucleic acids research, vol. 46, no. DI, pp.
D1074-D1082, 2018, doi: https://doi.org/10.1093/nar/gkx1037.

[20] Royal Botanic Gardens, Kew, State of the World's Plants 2017, Kew Publishing, 2017.

[21] Carol A. Newall, Linda A. Anderson, and John David Phillipson, Herbal Medicines: A Guide for Healthcare Professionals,
Pharmaceutical Press, pp. 1-296, 1996.

[22] Bogusz MJ. Adulterants and contaminants in herbal medicines. Forensic Sci Int. 2002;125:1-3.

[23] J. I. Boullata and L. M. Hudson, “Drug—Nutrient Interactions: A Broad View with Implications for Practice,” Journal of the Academy of
Nutrition and Dietetics, vol. 112, no. 4, pp. 506-517, Apr. 2012, doi: https://doi.org/10.1016/j.jada.2011.09.002.

[24] A. K. Sharma, V. K. Kapoor, and G. Kaur, “Herb—drug interactions: a mechanistic approach,” Drug and Chemical Toxicology, pp. 1-10,
Mar. 2020, doi: https://doi.org/10.1080/01480545.2020.1738454.

[25] C. 1E, “The safe usage of herbal medicines: counterindications, cross-reactivity and toxicity,” Pharmacognosy Communications, vol. 5,
no. 1, pp. 2-50, Dec. 2014, doi: https://doi.org/10.5530/pc.2015.1.2.

[26] MELANIE JOHNS CUPP, “Herbal remedies: adverse effects and drug interactions,” American Family Physician, vol. 59, no. 5, pp.
1239-1245, 1999.

[27] De Smet PAGM. Herbal remedies. N Engl J Med. 2002;347:2046-2056.

[28] M. Ekor, “The growing use of herbal medicines: Issues relating to adverse reactions and challenges in monitoring safety,” Frontiers in
Pharmacology, vol. 4, no. 177, Jan. 2014, doi: https://doi.org/10.3389/fphar.2013.00177.

[29] A. Fugh-Berman and E. Ernst, “Herb-drug interactions: Review and assessment of report reliability,” British Journal of Clinical
Pharmacology, vol. 52, no. 5, pp. 587-595, Dec. 2001, doi: https://doi.org/10.1046/j.0306-5251.2001.01469 x.

[30] X. Duan et al., “Herb-drug interactions in oncology: pharmacodynamic/pharmacokinetic mechanisms and risk prediction,” Chinese
Medicine, vol. 20, no. 1, Jul. 2025, doi: https://doi.org/10.1186/s13020-025-01156-4.

[31] C. loannides, “Pharmacokinetic interactions between herbal remedies and medicinal drugs,” Xenobiotica, vol. 32, no. 6, pp. 451-478,
June 2002. doi:https://doi.org/10.1080/00498250210124147

[32] A. A. Izzo, “Herb-drug interactions: an overview of the clinical evidence,” Fundamental and Clinical Pharmacology, vol. 19, no. 1, pp.
1-16, Feb. 2005, doi: https://doi.org/10.1111/j.1472-8206.2004.00301 .x.

[33] P. Posadzki, L. Watson, and E. Ernst, “Herb-drug interactions: an overview of systematic reviews,” British Journal of Clinical
Pharmacology, vol. 75, no. 3, pp. 603618, Feb. 2013, doi: https://doi.org/10.1111/j.1365-2125.2012.04350.x.

[34] S. Shi and U. Klotz, “Drug Interactions with Herbal Medicines,” Clinical Pharmacokinetics, vol. 51, no. 2, pp. 77—104, Feb. 2012, doi:
https://doi.org/10.2165/11597910-000000000-00000.

[35] C. Symeonides et al., “An Umbrella Review of Meta-Analyses Evaluating Associations between Human Health and Exposure to Major
Classes of Plastic-Associated Chemicals,” Annals of Global Health, vol. 90, no. 1, p. 52, Aug. 2024, doi:
https://doi.org/10.5334/a0gh.4459.

[36] Ulbricht C et al., “Evidence-based systematic review of herb—drug interactions,” Planta Med, vol. 74, pp. 1481-1490, 2008.

[37] L. N. Vandenberg, R. Hauser, M. Marcus, N. Olea, and W. V. Welshons, “Human exposure to bisphenol A (BPA),” Reproductive
Toxicology, vol. 24, no. 2, pp. 139-177, Aug. 2007, doi: https://doi.org/10.1016/j.reprotox.2007.07.010.

[38] Wang X, et al. “Effects of dietary bioactives on the gut microbiome and xenobiotic metabolism,” Front Nutr. Vol. 11, 2024.

[39] Al-Mashhadany DA. “Monitoring of antibiotic residues among sheep meats at Erbil city and thermal processing effect,” Iraqi J Vet Sci,
vol. 34, no. 2, 2020.

13


https://doi.org/10.2903/j.efsa.2012.2588
https://doi.org/10.1016/s1383-5742(99)00015-0
https://doi.org/10.1016/j.taap.2013.01.025
https://www.who.int/publications/i/item/9789240005662
https://doi.org/10.1128/cmr.00002-11
https://doi.org/10.5772/64886
https://doi.org/10.1016/s0001-706x(02)00042-6
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1016/j.jada.2011.09.002
https://doi.org/10.1080/01480545.2020.1738454
https://doi.org/10.5530/pc.2015.1.2
https://doi.org/10.3389/fphar.2013.00177
https://doi.org/10.1046/j.0306-5251.2001.01469.x
https://doi.org/10.1186/s13020-025-01156-4
https://doi.org/10.1111/j.1472-8206.2004.00301.x
https://doi.org/10.1111/j.1365-2125.2012.04350.x
https://doi.org/10.2165/11597910-000000000-00000
https://doi.org/10.5334/aogh.4459
https://doi.org/10.1016/j.reprotox.2007.07.010

