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Introduction

Modern pharmacotherapy is increasingly moving beyond the traditional concept of
treating a disease with a single drug acting on a single molecular target. Many diseases involve
multiple receptors, enzymes, signalling pathways, feedback mechanisms, and compensatory
responses. Consequently, modulation of one target may produce only partial therapeutic
benefit. Combination pharmacotherapy, in which two or more drugs are used together,
provides an opportunity to target complementary mechanisms, enhance efficacy, reduce dose
requirements, or delay the development of resistance (Jia et al., 2009; Foucquier and Guedj,
2015).

However, combination therapy should not automatically be considered synergistic
therapy. Synergy is a quantitative pharmacological concept in which the effect produced by
two drugs together is greater than the effect expected from their individual actions according
to a defined reference model. In contrast, an additive interaction produces approximately the
expected combined effect, while an antagonistic interaction produces less than expected.
Therefore, the statement that “two drugs work better together” does not by itself prove
pharmacological synergy (Berenbaum, 1989; Chou, 2010).

What Is Pharmacological Synergy?

The interaction between two drugs can be represented simply as:
Drug A — Effect A

Drug B — Effect B

Drug A + Drug B — Combined effect
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The important question is whether the combined response is greater than the expected
response.

In an additive interaction, the combined effect is approximately what would be
predicted from the individual drugs. In synergy, the observed effect exceeds this expectation,
whereas in antagonism, the combined response is lower. A related phenomenon, potentiation,
occurs when one agent enhances the effect of another despite having little or no comparable
effect on the same endpoint by itself (Berenbaum, 1989).

Several mathematical approaches are used to quantify drug interactions. The Loewe
additivity model evaluates whether two agents behave as if they were interchangeable or dose-
equivalent, whereas the Bliss independence model assumes that the effects of two drugs occur
independently. The Chou-Talalay method uses the combination index to quantify
interactions, with values generally below 1 indicating synergy, approximately 1 indicating
additivity, and above 1 indicating antagonism within that framework (Chou, 2010; Foucquier
and Guedj, 2015). Different models may sometimes produce different conclusions,
highlighting the importance of appropriate experimental design and interpretation (lanevski et
al., 2020).

Why Can Two Drugs Produce a Greater Effect?

Synergy can arise when drugs influence complementary components of the same
biological process. For example, one drug may inhibit an upstream signalling pathway while
another blocks a downstream pathway. Simultaneous inhibition can prevent compensatory
mechanisms and produce stronger control of the disease process.

A simplified representation is:

Drug A — Target A — Pathway A

Drug B — Target B — Pathway B

Pathway A + Pathway B — Common disease outcome

When these pathways converge on the same pathological phenotype, simultaneous
modulation can potentially generate a response greater than that produced by either drug alone.
This network-based view is particularly relevant to diseases characterized by redundant or
interconnected biological pathways (Jia et al., 2009). Drug combinations may also provide
advantages through pharmacokinetic interactions. One drug may alter the absorption,
metabolism, distribution, or elimination of another, thereby changing its systemic exposure.
Such interactions can be deliberately exploited therapeutically, although they can also increase
toxicity. Therefore, pharmacokinetic enhancement should be distinguished from true

pharmacodynamic synergy.
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Levodopa and Carbidopa: A Classic Example

The combination of levodopa and carbidopa in Parkinson’s disease demonstrates how
two drugs can be rationally paired to improve treatment. Levodopa is the metabolic precursor
of dopamine and can cross the blood-brain barrier, where it is converted into dopamine.
However, levodopa is also metabolized peripherally before reaching the brain. Carbidopa
inhibits peripheral aromatic L-amino acid decarboxylase, reducing peripheral conversion of
levodopa and increasing the amount available for central conversion. The combination
therefore improves the pharmacological efficiency of levodopa and reduces some peripheral
adverse effects. This example also illustrates an important principle: a beneficial drug
combination does not necessarily represent classical pharmacodynamic synergy. The
interaction may instead arise from pharmacokinetic optimization.
Hypertension: Combining Complementary Mechanisms

Hypertension is another important example of rational combination pharmacotherapy.
Blood pressure is controlled by several interconnected physiological mechanisms, including
the renin—angiotensin—aldosterone system, vascular tone, renal sodium handling, blood
volume, sympathetic activity, and cardiac function. Because these mechanisms interact, a
single drug may not adequately control blood pressure in every patient. Combining agents with
complementary mechanisms—for example, renin—angiotensin system blockers with calcium-
channel blockers or diuretics—can produce greater blood-pressure reduction than increasing
the dose of one agent alone in appropriate patients. The rationale is not simply that “more drugs
are stronger.” Rather, different drugs influence different determinants of blood pressure and
may allow effective treatment at lower doses of individual components. Combination therapy
can therefore improve efficacy while potentially limiting dose-dependent adverse effects.
Cancer: Preventing Biological Escape

Cancer provides one of the strongest arguments for combination pharmacotherapy.
Tumours are heterogeneous and may contain cell populations with different genetic and
molecular characteristics. If therapy targets only one pathway, resistant cells may survive and
subsequently proliferate. Combination treatment can target different biological vulnerabilities
simultaneously. One drug may interfere with cell division, another with DNA repair, and
another with a specific signalling pathway that promotes tumour survival. By creating multiple
pharmacological barriers, combination treatment may reduce the probability that tumour cells
can escape through a single resistance mechanism. However, a combination that appears
synergistic in cultured cancer cells does not automatically provide clinical benefit. Drug

concentrations achievable in patients, tissue penetration, metabolism, toxicity, tumour
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heterogeneity, and treatment sequence can all influence the final outcome. Therefore,
experimental synergy must ultimately be translated through appropriate preclinical and clinical
evaluation (Chou, 2010; Foucquier and Guedj, 2015).
Antimicrobial Combinations: Synergy Versus Resistance

Combination therapy is particularly important in infectious diseases because
microorganisms can evolve resistance through mutations, altered drug targets, enzymatic drug
degradation, reduced permeability, and active drug efflux. Two antimicrobial agents with
different mechanisms may sometimes produce synergistic killing. One drug may damage a
bacterial structure, allowing another drug to reach its target more effectively. Combination
therapy can also reduce the likelihood that resistance to a single mechanism will be sufficient
for microbial survival. However, antibiotic combinations are not universally beneficial. Some
combinations may be antagonistic, while others may provide no additional benefit but increase
toxicity and disrupt normal microbiota. Consequently, antimicrobial combinations should be
selected based on mechanism, susceptibility, pharmacokinetics, pharmacodynamics, and
resistance patterns rather than simply assuming that two antibiotics are better than one (Tyers
and Wright, 2019).
HIV: Combination Therapy as a Barrier to Resistance

The development of combination antiretroviral therapy transformed the management
of HIV infection. HIV replication involves several molecular stages, including reverse
transcription, integration, and viral maturation. Different antiretroviral agents can target
different stages of this process. Using several agents with complementary mechanisms can
produce profound suppression of viral replication while reducing the probability that a single
resistance mutation will provide sufficient protection against the entire regimen. Here, the
importance of combination therapy extends beyond simply increasing antiviral activity. The
combination also changes the evolutionary environment encountered by the virus.
This illustrates a major principle of pharmacotherapy: The best combination is not always
the one that produces the greatest immediate effect; it may be the one that also prevents
biological adaptation and treatment resistance.
The Risk: When Combinations Become Harmful

The same interactions that make drug combinations therapeutically useful can also
produce serious adverse effects. Two drugs may interact to increase sedation, bleeding, cardiac
toxicity, hepatotoxicity, nephrotoxicity, or systemic drug concentrations.
Pharmacokinetic interactions are particularly important for drugs with a narrow therapeutic

index. If one drug inhibits the metabolism or elimination of another, plasma concentrations
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may increase beyond the therapeutic range. Conversely, enzyme induction may reduce drug
exposure and compromise treatment efficacy.
Therefore, combination pharmacotherapy must consider not only efficacy but also safety, dose,
exposure, timing, patient characteristics, and potential drug—drug interactions.
The appropriate question is therefore not simply: “Do these drugs work better together?”
“Does the additional benefit of the combination outweigh its additional risk?”
From Polypharmacy to Rational Combination Therapy

The growing availability of molecular and computational technologies is changing how
drug combinations are discovered. Traditional experimental screening of drug pairs can
become extremely demanding as the number of candidate drugs increases.
Network pharmacology, molecular docking, molecular dynamics, transcriptomics, proteomics,
pharmacogenomics, artificial intelligence, and machine learning can help identify potential
drug combinations by integrating information about drug targets, protein—protein interactions,
signalling pathways, disease-associated genes, and molecular phenotypes.
These approaches can prioritize promising combinations and reduce the number of candidates
requiring experimental testing. Nevertheless, computational prediction remains hypothesis-
generating and cannot replace pharmacological, toxicological, and clinical validation (lanevski
et al., 2020).
Synergy Is Context-Dependent

An important limitation is that synergy is not an intrinsic and permanent characteristic
of a drug pair. The same two drugs can show synergy at one concentration range but additivity
or antagonism at another. Drug ratio, exposure time, sequence of administration, cell type,
disease state, and molecular phenotype can all influence the interaction.
For this reason, synergy should ideally be assessed using complete dose—response relationships
rather than a single concentration. Modern approaches increasingly use response-surface
models and combination matrices to determine how drug interactions change across
concentration ranges (Foucquier and Guedj, 2015; lanevski et al., 2020).
This is particularly important for translation from laboratory research to clinical medicine. A
combination may demonstrate strong synergy in vitro but fail clinically if the required
concentrations cannot be safely achieved in humans.
Conclusion

Synergistic combination pharmacotherapy represents a major strategy for addressing
the complexity of modern disease. By targeting complementary molecular pathways,

optimizing pharmacokinetics, reducing resistance, or allowing lower doses of individual drugs,
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carefully selected combinations can provide therapeutic advantages that may not be achieved
with a single agent.

However, combination therapy should not be confused with synergy. True synergy requires
quantitative demonstration against an appropriate reference model, and its clinical relevance
depends on dose, exposure, toxicity, mechanism, and patient characteristics.

It is to identify the right combination, at the right dose, for the right patient, against the
right biological target network.
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