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Prodrugs are chemically modified derivatives introduced in therapy due to their advantageous physico-chemical properties (greater stability, 
improved solubility, increased permeability), used in inactive form. Biological effect is exerted by the active derivatives formed in organism 
through chemical transformation (biotransformation). Currently, 10% of pharmaceutical products are used as prodrugs, nearly half of them 
being converted to active form by hydrolysis, mainly by ester hydrolysis. The use of prodrugs aims to improve the bioavailability of compounds 
in order to resolve some unfavorable characteristics and to reduce first-pass metabolism. Other objectives are to increase drug absorption, 
to extend duration of action or to achieve a better tissue/organ selective transport in case of non-oral drug delivery forms. Prodrugs can be 
characterized by chemical structure, activation mechanism or through the presence of certain functional groups suitable for their preparation. 
Currently we distinguish in therapy traditional prodrugs prepared by chemical derivatisation, bioprecursors and targeted delivery systems. The 
present article is a review regarding the introduction and applications of prodrug design in various areas of drug development.
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Introduction
One of the effective methods of modern research in the 
field of medicine is the development of prodrugs that have 
gained increasingly more importance in current therapy.

A prodrug refers to a pharmacologically inactive com-
pound which is transformed into an active substance by 
either chemical or metabolic processes. Nowadays approxi-
mately 10% of drugs used in therapy are administered as 
prodrugs, and about half of these are hydrolyzed to the 
active form, in particular by hydrolysis of esters (figure 1) 
[1-10].

The actuality of prodrugs in modern therapy is demon-
strated by the fact that in the last ten years several books 
in this field have been published and thousands of articles 
in scientific databases are investigating new potential mol-
ecules [11-13].

Prodrug concept
The prodrug concept has been used to improve undesirable 
properties of drugs since the late 19th century, but it was 
only at the end of the 1950s that the actual term “prod-
rug” was introduced for the first time by Adrien Albert for 
drugs that are inactive by themselves but which form an 
active derivative by biotransformation. The concept was 
completed by Harper in 1959 which introduced the term 
of drug latentiation referring to drugs that were specifically 
designed to require bioactivation [14].

This definition is the most appropriate even at present 
time and is consistent with the IUPAC definition which 
states that: a prodrug is a compound that undergoes biotrans-
formation before exhibiting pharmacological effects [15].

In essence a prodrug is an inactive, bioreversible deriva-
tive of an active drug which undergoes enzymatic and/or 
chemical transformation in vivo in order to release the ac-
tive parent drug, which can then exhibit its desired phar-
macological effect [16,17].

These ideas led to the development of a relatively large 
number of prodrugs; the type of prodrugs depending on 
the specific properties of the drug that requires improve-
ment and the type of functionality that is present in the 
active drug [11]. 

Prodrugs are inactive derivatives of active substances 
with optimized physico-chemical properties (higher sta-
bility, improved solubility or increased permeability), that 
suffer a biotransformation in the body whereby are exert-
ing their pharmacological action [18].

Prodrugs can be defined also to be medicines which have 
specific protective groups, in order to prevent unwanted 
properties of the parent molecule. In most cases, prodrugs 
are simple chemical derivatives that are only one or two 
chemical or enzymatic steps away from the active parent 
drug. However, some prodrugs lack an obvious carrier or 
promoiety but instead result from a molecular modifica-
tion of the prodrug itself, which generates a new active 
compound [19].

The place and speed of biotransformation are closely re-
lated to chemical structure, as well as the pharmacokinetic 
properties of the molecule.

The concept of prodrug has to be differentiated from 
drugs that are active of their own, but by biotransforma-
tion are forming one or more active metabolites and the 
biological effect occurs as a common result of the original 
drug and metabolites. These drugs are “limited” prodrugs 
(e.g. diazepam, carbamazepin) [11].
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In some cases, a prodrug may consist of two pharma-
cologically active drugs that are coupled together in a 
single molecule, so that each drug acts as a promoiety for 
the other. Such derivatives are called “codrugs” (e.g. sul-
tamicillin, sulfasalazine, benorilate, levodopa-entacapone) 
[11,20,21].

Recently the concept “hard-drug” and “soft-drug” were 
introduced. “Hard-drugs” are designed to contain struc-
tural characteristics necessary for the desired pharmacolog-
ical activity in a form that is not susceptible for chemical 
or metabolic transformation, in order to avoid the produc-
tion of toxic derivatives or to increase pharmacological 
efficiency. “Soft drug” are active substance with planned 
metabolism which after exercising its effect is metabo-
lized into inactive and harmless metabolites and is rapidly 
cleared from the body; thus “soft-drugs” can be considered 
to be opposite to prodrugs.

The purpose of soft drugs’ development is to achieve a 
therapeutic effect locally, eliminating systemic effects and 
adverse reactions (e.g. remifentanil, esmolol) [22-24].

The purpose of designing prodrugs
1. Improving bioavailability when the drug candidate is not 
drug-like due to unfavorable physical properties as:

•	poor water solubility,
•	 low lipophilicity,
•	 chemical instability,
•	unacceptable taste or smell,
•	 local irritation, pain.

2. Improving bioavailability when the drug candidate is not 
drug-like, due to pharmacokinetic properties:

•	 low bioavailability,
•	poor penetration through biological membranes,
•	 increased first-pass metabolism,
•	 slow absorption by parenteral route,
•	 rapid absorption/elimination instead of long-lasting 

effect,
•	 lack of specificity in certain tissues [23-26].

The specific objective of prodrug design is to optimize 
unfavorable physicochemical properties, to increase chemical 
and/or metabolic stability, to achieve planned delivery.

Prodrugs with optimized pharmacokinetic properties 
have the following advantages:

•	 increasing absorption from the gastrointestinal tract 
after oral administration,

•	obtaining parenteral preparations,
•	masking unpleasant tastes, odors,
•	 avoiding injection site irritation or pain,
•	preventing rapid administration site inactivation, 
•	 increasing passage through the blood-brain barrier,
•	 tissue/organ specific drug administration,
•	decrease in multidrug resistance,
•	 side effects - and toxicity profile improved.

Prodrugs can be more effective, safer and more conveni-
ent in administration than conventional forms [26,27].

Classification of prodrugs
Prodrugs can be classified taking in consideration their 
chemical structure, mechanism of activation and the mod-
ified functional groups [2,28].
1. By chemical criteria can be distinguished:

•	 conventional prodrugs - obtained by chemical de-
rivatization; the desired objective is to optimize trans-
port properties; they are also called “carrier-linked 
prodrugs” as on the parent molecule are grafted func-
tional groups that promote absorption.

•	bio precursors – those substances which were not de-
signed by conscious planning, but their activation in 
the body occurs through chemical reactions. Such 
prodrug is lovastatin, some vitamins (e.g. B1, B6), 
which after phosphorylation or oxidation (e.g. vita-
min D) are exercising their physiological role [11,29].

•	drug delivery systems:
 – drug - polymer conjugates, where the drug is bin-
ding to a macromolecule that favors its transport

 – drug - antibody conjugates, target delivery is per-
formed by antibody.

2. By activation mechanism can be distinguished:
•	drugs which suffer enzymatic activation – can be 

planned; problems may occur due to biological vari-
ability between species, genetic polymorphism, drug 
interaction potential.

•	drugs which suffer non-enzymatic activation – it is 
spontaneous, however inadequate chemical stability 
can create problems in conservation before use.

Classification by activation mechanism is based on the 

Fig. 1. The chemical structure of a few frequently used prodrugs

Kelemen Hajnal et al. / Acta Medica Marisiensis 2016;62(3):356-362



358

types of reactions that result the active form, as:
•	hydrolysis (ester, amide, imide, ether etc.);
•	oxidation;
•	 reduction;
•	other reactions [2,28].

A recently proposed more systematic approach to prod-
rugs classification is on the basis of their two cellular sites 
of conversion: intracellular (e.g. antiviral nucleoside phos-
phorylated and statins) and extracellular in digestive flu-
ids or the systemic circulation (e.g. valganciclovir, fosam-
prenavir, and antibody-, gene-, or virus-directed enzyme 
prodrugs).

Both major types can be further categorized into sub-
types, based on factors such as (type I) whether the intra-
cellular bioactivation location is also the site of therapeutic 
action, or (type II) whether or no bioactivation occurs in 
the gastrointestinal fluids or in the circulation system.

This new classification system of prodrugs can help in 
the understanding of a drug product’s pharmacokinetics, 
safety and efficacy [30,31].

Optimization of bioavailability
The purpose of prodrug synthesis in most cases is increas-

ing bioavailability. In drug development there are some 
important physicochemical properties as appropriate solu-
bility, adequate lipophilicity, good permeability, which are 
strongly influenced by acid-base properties of the mole-
cules [24,28].

Prodrugs with improved lipophilicity
In many medications a carboxyl functional group exists as 
indispensable function for their pharmacological activity. 
However, its presence causes too high polarity for oral ad-
ministration, as in the small intestine at pH 5-7 it is largely 
ionized, which prevents the passage of molecules through 
membranes by passive diffusion.

Esterification of these groups with short or long aliphat-
ic alcohol is the most widely used method [3-24,32-34].

ACE inhibitors are mostly ethyl ester prodrugs (enal-
april, trandolapril, quinapril, benazepril). Ethyl esters con-
siderably increase lipophilicity, thus increasing absorption 
(figure 2) [35].

Methyl ester occurs more rarely, because by hydrolysis 
toxic methyl alcohol is released. Therefore this method of 
design of prodrugs is used only in case of low dose medi-
cines, respectively in the case of esters with very short du-

Fig. 2. Examples of ester prodrugs
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ration of action. For example, several ester type prodrugs 
have been prepared for levodopa, but only methyl ester is 
found in therapy (Levomet) (figure 3).

There are compounds where the methyl ester is not a 
prodrug, the ester function being essential for pharmaco-
logical effect, while the free acid is without any therapeutic 
effect. Metabolic or chemical hydrolysis of methyl esters is 
in general very fast, for this reason methyl esters have short 
duration of action (e.g. cocaine or the beta-blocker esmolol 
with ultra-short effect) [11,24].

Ester type prodrugs can also be obtained from drugs 
with alcoholic or phenolic hydroxyl groups by esterification 
with short carboxylic acids (e.g. acetic acid, propionic acid, 
pivalic acid etc.) or long-chain acids (e.g. heptanoic acid, 
decanoic acid, palmitic acid etc.). Aromatic acids are less 
commonly used (e.g. benzoic acid) [23].

The examples below demonstrate that by develop-
ment of prodrugs with increased lipophilicity, penetration 
through skin can be greatly improved; long lasting or even 
depot effect can be achieved [23].

In the series of local anti-inflammatory corticosteroids 
several prodrugs are used (clobetasol propionate, flumeta-
sone pivalate, clobetasol butyrate), where the group C21-
OH or C17-αOH is converted to ester. Terbutaline is a 
selective β2-agonist bronchodilator, administered orally in 
high doses; while its prodrug form bambuterol (where di-
methyl-carbamic acid ester of the phenolic hydroxyl group 
is formed) with enhanced lipophilicity and lower rate of 
hydrolysis under the action of cholinesterase enzyme, has 
a prolonged effect, therefore it is sufficient to use a dose of 
20 mg once daily.

In the group of classical antipsychotics depot-acting 
preparations have been obtained by esterification with fat-
ty acids. The prodrugs fluphenazine enanthate, haloperidol 
decanoate and zuclopenthixol decanoate oily solutions are 
administered once or twice monthly. Ultra lipophilic esters 
are deposited in fat stores from where are gradually released 
and converted into the active form, the effect lasting even 
14-28 days; thus patient adherence is improved.

Optimization of lipophilicity can be also achieved by 
developing eters, acid amides, imines but the proportion 
of these prodrugs is very small compared to the esters [36].

Prodrugs with improved aqueous solubility
Since the 1990s once with the appearance of combinato-
rial chemistry and high throughput screening methods the 
number of drug candidates with visible poorly water solu-
bility has increased. These compounds generally have high 
molecular weight, are lipophilic, their absorption being 
limited by inadequate solubility. It has been managed to 
solve this problem by using prodrug strategy [37].

Solubilization in water can be increased by the insertion 
of polar structures, thus enabling oral or parenteral admin-
istration.

The solubility increasing polar groups can be non-ioniz-
able groups but which are easily degrading in the body. An 
often presented example is the non-steroidal anti-inflam-
matory sulindac, which is the sulfoxide derivative of the 
active form. The active metabolite is formed by reduction 
of a more polar, more soluble prodrug (figure 4) [28].

Another possibility is binding of the pharmacon 
to a hydrophilic polymer directly or by a linker; PEG,  

Fig. 3. Biotransformation of Levomet

Fig. 4. Metabolism of Sulindac
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polyglutamate acid, dextran, chitosan are most common-
ly used [38].

Insertions of ionic groups such as phosphate esters have 
greater applicability. The prodrugs of phosphate esters are 
advantageous because, by forming salts, they have a good 
solubility, are rapidly dissolved in gastro-intestinal tract 
and are hydrolyzed in the presence of alkaline phosphatase 
enzyme present on the mucosal surface. An already activat-
ed form diffuses into the cell (e.g. fosfluconazol, fospheny-
toin). Fospropofol (Aquavan) is the phosphoryl oxymethyl 
ether of propofol, it is slightly soluble in water, does not 
cause irritation at the injection site compared to propo-
fol, the parent molecule used as an o/w emulsion injection  
(figure 5) [11,39,40].

Obtaining parenteral preparations of sparingly soluble 
active substances can be accomplished by esterification 
with dicarboxylic acids, this method being used for a long 
time. It is known that the sodium salt of chlorampheni-
col hydrogen succinate is one hundred times more soluble 
than chloramphenicol itself, so it is suitable for the prepa-
ration of parenteral solution.

It should be observed that parenteral prodrugs may ex-
perience problems concerning un-corresponding stability 
by forming precipitates; some prodrugs cannot be heat 
sterilized due to decomposition [11,23,24].

Targeted drug delivery
The efficacy criterion in certain therapy is site-specific drug 
delivery, when organ/tissue specific drugs are administered 
and enriched in the targeted organ. This is a great challenge 
for researchers in the pharmaceutical industry, prodrug 
synthesis playing an important role in this field. Based on 
research results we would like to emphasize two directions 
of utilization of prodrugs: tumor targeting and antigen tar-
geting [11,41,42].

Prodrugs in cancer therapy 
The effectiveness of cancer chemotherapy would increase 
if the active substance would reach the targeted tumor cell 

without damaging body cells. Therefore delivery to target 
sites with the help of prodrugs is a priority in drug research. 

Tumor specificity may be achieved in many ways, such 
as by use of enzymes or transporters, or the development of 
prodrug-antibody which is selectively recognized by tumor 
cells. It is an advantage if the preparation can be adminis-
tered also orally [43].

An example of success is capecitabine, a prodrug of 
5-fluorouracil (5-FU), that requires a cascade of three en-
zymes for the bioconversion to the active drug. The first 
degradation takes place in the liver by carboxyl esterase, 
when pentyl alcohol, of lipophilic character, is eliminated. 
This is followed by deamination by cytidine deaminase en-
zyme present in both the liver and tumor cells, followed 
by selective release of 5-FU in the tumor cells under the 
action of thymidine phosphorylase, which shows much 
higher activity in tumor cells than in normal cells. The 
prodrug is absorbed rapidly and almost completely from 
the gastrointestinal tract and provides high concentration 
of 5-FU in targeted tumor cell. Capecitabine is used orally 
in metastatic colon cancer and in combination therapy in 
other types of cancer (figure 6) [43-45].

Prodrug-antibody conjugates
A new and promising direction in target drug delivery is 
coupling prodrugs with monoclonal antibodies (mAB) 
[41]. The conjugate formed in this way is selectively cou-
pled to cancer cell, because the antibody is recognized only 
by a specific, typical antigen.

Gemtuzumab ozogamicin (Mylotarg) was the first target-
ed chemotherapeutic drug used to treat leukemia. It was 
withdrawn from the market in 2010 due to adverse reac-
tions, but it is under further development [46-48].

Many other conjugates are under research in preclinical 
and clinical phases [49].

Prodrug activation in tumor cell can be achieved also 
with exogenous enzyme coupled to monoclonal antibody 
(ADEPT – Antibody Directed Enzyme Prodrug Therapy). 
The mechanism of action takes place in two steps. In the 

Fig. 5. Examples of promoieties for improved aqueous solubility
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first phase the exogenous enzyme is coupled to antibody 
and administered by infusion, leaving enough time for its 
localization and accumulation on the tumor cell. In the 
second phase the inactive prodrug, a selective substrate of 
the enzyme is administered, being activated by this to cy-
tostatic drug [50-53].

Gene therapy may be basically defined as a technol-
ogy aimed at modifying the genetic component of cells to 
achieve therapeutic benefits. In cancer gene therapy, for 
therapeutic gain, both malignant and nonmalignant cells 
can be targeted. The toxin gene therapy and enzyme-ac-
tivating prodrug therapy are the two approaches targeting 
malignant cells. The toxin gene therapy works by transect-
ing genes that express toxic molecules. The enzyme-acti-
vating prodrug therapy works by transferring genes able 
to express that can activate specific prodrugs selectively. 
GDEPT (Gene-Directed Prodrug Therapy) is a two-step 
for solid tumors. In the first step, the gene for a foreign 
enzyme (bacterial, viral, or yeast) is administered and tar-
geted in a variety of ways to the tumor for expression. In 
the second step, a prodrug is administered that is activated 
to the cytotoxic drug selectively by the foreign enzyme ex-
pressed in the tumor [54].

Conclusions
Numerous prodrugs designed to overcome formulation, 
delivery, and toxicity barriers to drug utilization have been 
used in the latest years. Although the development of a 
prodrug can be very challenging, the prodrug approach 
represents a feasible way to improve the erratic properties 

of investigational drugs or drugs already on the market. 
Prodrug strategy is an effective method to improve bioa-
vailability of medicines. By synthesis the prodrugs pharma-
cokinetic properties can be optimized and new compounds 
for oral or parenteral administration can be obtained. 

The challenge in modern therapy is obtaining target 
drug delivery, especially in cancer therapy, where nowa-
days extensive research on the use of prodrugs is being 
conducted. 

In prodrug development (even in early stages of devel-
opment) full careful chemical and pharmacological charac-
terization should be considered, as toxic active intermedi-
aries may occur. A disadvantage in prodrug development is 
that it requires long and expensive syntheses.

The prodrug strategy is one of the most promising ap-
proaches to enhance the therapeutic efficacy and/or reduce 
the adverse effects of the pharmacologically active agents 
via different mechanisms, including increased solubility, 
stability, improved permeability and bioavailability, pro-
longed biological half-life time, and tissue-targeted deliv-
ery.

Despite the remarkable progress made in the field of 
prodrug design, more studies are clearly needed, especially 
at early stages of the drug discovery, for prodrugs to achieve 
the desired state of art and take their place in modern phar-
macotherapy.
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