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Are drugs containing a carboxylic acid functional group associated 
with a significant risk of idiosyncratic drug reactions? 
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Abstract: Most drugs that contain a carboxylic acid are metabolized to acyl glucuronides. Although the reactivity of 
these metabolites varies, acyl glucuronides can clearly react with proteins. There is circumstantial evidence that many 
idiosyncratic drug reactions are caused by reactive metabolites; therefore, it is quite plausible that the reactive 
metabolites of carboxylic acids would cause such reactions. However, not all drugs that form reactive metabolites are 
associated with a significant risk of idiosyncratic reactions. In fact, the carboxylic acid functional group is common, and in 
most cases the drugs are quite safe. The largest problem is with nonsteroidal antiinflammatory drugs, and much of the 
associated adverse reactions are related to their pharmacological action. In most other cases there is an alternative 
reactive metabolite. This raises the question as to why the reactive acyl glucuronides are not associated with a higher 
risk of idiosyncratic reactions. It appears that for a drug to provoke an immune response it must do two things: form a 
neoantigen and cause cell damage. It is possible that the amide bond formed when acyl glucuronides react with proteins 
is cleaved when antigens are processed, which also involves cleavage of amide bonds. Given that acyl glucuronides are 
less reactive than most reactive metabolites formed by oxidation, they may also not cause significant cell damage. It is 
possible that some idiosyncratic reactions are caused by reactive metabolites of carboxylic acids; however, overall the 
carboxylic acid functional group is very important and is generally not associated with a significant risk.  
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1. INTRODUCTION 

The two major issues that lead to failure of a drug 
candidate are lack of efficacy and adverse reactions. 
Some types of adverse reactions are related to the 
therapeutic effect of the drug and impossible to avoid. 
Other effects can be toxicities that are detected in 
routine animal testing or even in vitro assays. The most 
difficult type of adverse reaction to deal with is an 
idiosyncratic drug reaction (IDR). Such reactions are 
usually only detected late in phase III clinical trials or 
even after the drug has been released onto the market. 
This markedly increases the risk of drug development. 
If there were accurate methods to predict the risk that a 
drug candidate is likely to cause an unacceptable risk 
of IDRs it would have a profound effect on the process 
of drug development. Many attempts have been made 
to devise methods to predict the risk of IDRs; however, 
there is no good evidence that any method is accurate. 
One simple method is to avoid “structural alerts”. 
Structural alerts are chemical structures that are 
associated with a high risk of IDRs. In most cases this 
is because these structures are chemically reactive or 
can readily be converted to a chemically reactive 
metabolite. The objective of this paper is to examine 
the evidence that carboxylic acids should be 
considered a structural alert. 
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2. IDR MECHANISMS 

IDRs are very difficult to study. In theory, the best 
way to study the mechanism of an IDR would be to 
obtain samples from a patient before the onset of the 
IDR to determine what biological events led to the 
adverse effect. However, given the unpredictable 
nature of IDRs, that is virtually impossible. To study 
patients after the onset of an IDR is like the study of a 
plane crash without the aid of the “black box”; it is 
difficult to know what is cause and what is effect.  

Animal models are important for the study of 
biological processes, but IDRs are also idiosyncratic in 
animals. Although in vitro studies can examine specific 
biological effects, they cannot be expected to represent 
the complexity of an IDR. Therefore, it is very difficult to 
be confident that a specific effect found in such assays 
is actually part of the mechanism of an IDR unless it 
can be shown that the effect occurs in patients who 
experience an IDR, and it predicts who will experience 
an IDR. The early events in an IDR appear to be 
mediated by the innate immune system, which are 
clinically silent but not idiosyncratic, and therefore 
amenable to study in both animals and humans [1]. But 
at the present time, we are left with inferring 
mechanism from the clinical characteristics of IDRs and 
factors that affect the risk of an IDR.  

The risk factors can relate to characteristics of 
patients who actually develop IDRs and also to the 
features of drugs that cause IDRs. The most 
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compelling patient characteristic that is linked to the 
risk that a patient will have an IDR when treated with a 
specific drug is human leukocyte antigen (HLA) 
haplotype. For example, an early finding was a strong 
association between HLA-B*1502 and the risk of 
carbamazepine-induced toxic epidermal necrolysis [2]. 
Since then several other associations between specific 
HLA haplotypes and the risk of an IDR have been 
found [3], and the list continues to grow. The 
association of IDRs with specific HLA haplotypes 
strongly suggests these IDRs are immune mediated. 
HLA stands for human lymphocyte antigen. This is the 
human version of the major histocompatibility antigen 
(MHC). This comes in two versions; MHC-I is involved 
in presenting antigen to T cell receptors on CD8 T 
cells, and MHC-II is involved in presenting antigen to T 
cell receptors on CD4 T cells. However, most IDRs 
have not been linked to a specific HLA haplotype. In 
most cases this is likely because there were not 
sufficient patients available with a specific IDR to study. 
It is also possible that some reactive metabolites 
modify so many proteins that most patients will have 
one HLA that can “recognize” one of the very large 
number of drug-modified peptides. Many other genetic 
associations with the risk of IDRs also involve the 
immune system. These include protein tyrosine 
phosphatase non-receptor 22 (PTPN22) [4] and 
interleukin 10 (IL-10) [5].  

The clinical characteristics of IDRs, including their 
idiosyncratic nature and histology, are also strong 
evidence for an immune mechanism [6]. In particular, 
the histology of some of the most serious IDRs such as 
hepatocellular drug-induced liver injury [7] and toxic 
epidermal necrolysis [8] is dominated by CD8 T cells, 
which provides strong evidence that these IDRs are 
immune mediated. Although tissue injury can provoke 
an immune response to repair the injury, the major 
function of CD8 T cells is to kill virus-infected cells or 
cancer cells, and their presence is very unlikely to 
represent a repair process. Obviously, autoimmune 
IDRs are immune mediated. These IDRs can either 
involve one organ such as drug-induced autoimmune 
hepatitis, or they can be a more generalized 
autoimmune reaction such as a lupus-like IDR [9]. 
Although the evidence for an immune mechanism for 
many IDRs is very strong, given the complexity of 
biological systems, it is quite possible that some IDRs 
are not immune mediated. However, at present, there 
is little clinical evidence for alternative mechanisms, 
and in vitro studies, on their own, cannot be relied on to 
provide conclusive evidence for the mechanism of a 
clinical adverse reaction. 

3. ROLE OF REACTIVE METABOLITES IN THE 
MECHANISM OF IDRS 

The feature of drugs that is most closely associated 
with an increased risk of IDRs is the formation of a 
reactive metabolite, or in a few cases such as penicillin, 
the drug itself is chemically reactive. However, it is very 
difficult to prove that a specific reactive metabolite of a 
drug is responsible for an IDR. There are only a few 
examples where we can be certain that a reactive 
species is responsible for an IDR. One example is 
penicillin-induced anaphylaxis. Penicillin is chemically 
reactive because of its ß-lactam ring, which is 
responsible for covalent binding to proteins. Penicillin-
induced anaphylaxis is mediated by IgE antibodies 
against penicillin-modified proteins. Therefore, we can 
be confident that the mechanism of penicillin-induced 
anaphylaxis involves covalent binding of the drug to 
proteins, which in a few patients leads to the formation 
of IgE antibodies against the drug-modified proteins. 
Another example is nevirapine-induced skin rash. 
Nevirapine causes an immune mediated skin rash in 
female Brown Norway rats that is very similar to the 
rash it causes in humans. Nevirapine forms a reactive 
benzylic sulfate in the skin, and a topical 
sulfotransferase inhibitor prevents covalent binding and 
rash where it is applied [10]. This provides very 
compelling evidence that the rash is due to this 
chemically reactive sulfate metabolite. It was only 
possible to perform such controlled experiments 
because we had an animal model very similar to the 
IDR that occurs in humans, but this is rare. There are 
other examples such as halothane-induced liver injury 
in which the evidence is strong, but it falls short of 
being conclusive. Specifically, halothane is a relatively 
inert molecule, but it is oxidized to a very reactive acid 
chloride, which covalently binds to proteins. Isoflurane, 
which is oxidized to the same reactive metabolite but to 
a much lesser degree, is associated with a decreased 
risk of liver injury [11]. Patients with halothane-induced 
hepatitis have antibodies against trifluoroacetylated 
proteins [12]; however, unlike the case of penicillin-
induced anaphylaxis, it is not clear what role these 
antibodies play in the injury. The antibodies simply 
indicate that binding of the reactive metabolite has 
provoked an immune response, but it is more likely that 
most of the liver damage is mediated by CD8 T cells. 

On the other hand, there are some drugs that form 
a significant amount of reactive metabolite but are not 
associated with a significant risk of IDRs. For example, 
ethacrynic acid is a chemically reactive Michael 
acceptor, which covalently binds to proteins and forms 
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a glutathione conjugate [13]. However, it is not 
associated with a significant risk of IDRs. Olanzapine 
forms a reactive metabolite very similar to that of 
clozapine [14], and yet it is not associated with the 
same risk of agranulocytosis. One difference between 
clozapine and olanzapine is dose; however, even at the 
same dose, the two drugs have different effects on 
neutrophil kinetics in rats [15]. And there are other 
drugs that are associated with a relatively high risk of 
IDRs that do not appear to form a reactive metabolite. 
Examples include, ximelagatran, pyrazinamide, and 
allopurinol. Although it has been reported that there is a 
correlation between the amount of reactive metabolite 
formation (corrected for dose) and the risk of 
idiosyncratic drug-induced liver injury [16], others have 
not found such a simple relationship [17, 18]. In 
summary, it appears likely that reactive metabolites 
play a role in the mechanism of many, if not most IDRs, 
but the evidence is not conclusive, and there are likely 
exceptions. 

If reactive metabolites are not always associated 
with a significant risk of IDRs, there must be 
characteristics of the reactive metabolite other than 
covalent binding that are relevant to IDR risk. An 
obvious characteristic is reactivity. Most reactive 
metabolites are sufficiently reactive that they do not 
reach sites distant from where they are formed. That is 
presumably one reason the liver is a common target of 
IDRs; it is where most drug metabolism occurs and 
reactive metabolites are formed. A major class of 
enzymes responsible for reactive metabolite formation 
is the cytochromes P450. Some reactive metabolites 
are so reactive that most of the binding is to the 
enzyme that formed them. This can lead to so-called 
mechanism-based inhibition of the enzyme [19]. In 
contrast, a few reactive metabolites or drugs such as 
penicillin have relatively low reactivity and freely 
circulate. Another characteristic is whether the reactive 
metabolite can redox cycle, i.e. after being oxidized to 
a chemically reactive species, it can be reduced back 
to the parent drug, often along with the production of 
reactive oxygen species. Another consideration is 
whether the reactive metabolite is a “hard” or “soft” 
electrophile [20]. Hard reactive metabolites bind to hard 
nucleophiles such as amino groups, while soft reactive 
metabolites bind mostly to soft nucleophiles such as a 
cysteine thiol. However, even metabolites with similar 
half-lives and “hardness” bind to different proteins. For 
example, the reactive metabolites of clozapine and 
vesnarinone are both “soft” so they react with 
cysteines, and they also have similar half-lives, but 

they bind to a very different spectrum of proteins [21]. 
This is presumably because of noncovalent interactions 
between the metabolite and protein that precede the 
covalent binding. Where the reactive metabolite is 
formed is also presumably important. As mentioned, 
most drug metabolism occurs in the liver, and the liver 
is a major target of IDRs. However, as also mentioned, 
there is sulfotransferase in the skin that can lead to the 
formation of reactive metabolites. Leukocytes, such as 
neutrophils, monocytes, and their precursors, have 
myeloperoxidase that can oxidize some drugs such as 
clozapine to a reactive metabolite, and clozapine can 
cause agranulocytosis, i.e. a lack of neutrophils [22]. 

A fundamental question is: how do reactive 
metabolites cause IDRs? Two complementary 
hypotheses are the hapten and danger hypotheses 
[23]. The covalent binding of a reactive metabolite to 
proteins produces neoantigens that can be viewed as 
“foreign” by the immune system. This represents the 
classic hapten hypothesis. However, it appears that 
simply being foreign is not sufficient to induce an 
immune response; the foreign protein must also be 
associated with causing some type of cell damage; this 
is the danger hypothesis [24]. Cell damage leads to the 
release of danger-associated molecular pattern 
molecules (DAMPs), which activate antigen presenting 
cells [23]. All reactive metabolites can act as haptens, 
but not all reactive metabolites lead to significant cell 
damage, and this may differentiate reactive metabolites 
that cause IDRs from those that do not. It is likely that it 
is more complex than this. For example, some drugs 
also inhibit other important pathways such as the bile 
salt export protein (BSEP). Such inhibition may cause 
cell stress that is independent of reactive metabolite 
formation, and this may contribute to the ability of a 
drug to cause an IDR [25]. 

4. STRUCTURAL ALERTS 

Some functional groups are readily metabolized to 
reactive metabolites and are referred to as structural 
alerts. A classic example is a primary aromatic amine. 
This functional group is readily metabolized to several 
reactive metabolites. These include a hydroxylamine, 
which can be further metabolized by O-acetylation or 
sulfation, a nitroso metabolite, and several free radial 
intermediates. Early studies into the mechanism of 
chemical carcinogenesis focused on the bioactivation 
of aromatic amine carcinogens that react with DNA 
[26]. Aromatic nitro groups are reduced to the same 
reactive intermediates as are formed by oxidation of 
aromatic amines. Other functional groups that often 
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form reactive metabolites are hydrazines, thiono sulfur 
compounds, thiophenes, and furans [27]. If IDRs could 
be avoided by simply avoiding structural alerts, it would 
certainly simplify drug development. However, there 
are many pathways leading to reactive metabolites that 
are more complex and are not captured by focusing on 
structural alerts. In addition, not all drugs that possess 
these functional groups are associated with a relatively 
high risk of IDRs. Furthermore, as mentioned earlier, it 
is almost impossible to be certain that a specific 
functional group or reactive metabolite is responsible 
for a specific IDR. One example is carboxylic acids.  

5. THE CASE OF CARBOXYLIC ACIDS 

Carboxylic acids are often considered to be 
structural alert, but what is the evidence? They can 
form two types of reactive metabolite, acyl glucuronides 
and acyl-Co-A thioesters. These metabolites can 
clearly covalently bind to proteins; therefore, it is quite 
plausible that such metabolites could be responsible for 
IDRs. 

5.1. Acyl Glucuronides 

The major metabolic pathway for most carboxylic 
acids is the formation of an acyl glucuronide. Although 
glucuronidation is an important route of clearance for 
drugs and other chemicals, acyl glucuronides are 
chemically reactive [28]. These metabolites can react 
with proteins by two different mechanisms [29]. The 
most straightforward mechanism is nucleophilic attack 
on the carbonyl carbon with displacement of the 
glucuronic acid. The nucleophile is usually an amino 
group, but acyl glucuronides can also react with 
alcohols such as serine and thiols such as glutathione 
[30]. The product of the reaction with glutathione is also 
reactive as described below, but it is readily hydrolyzed 
and has a short half-life. The other mechanism by 
which an acyl glucuronide can lead to covalent binding 
involves migration of the acyl group around the 
glucuronic acid molecule, followed by ring opening to 
form a reactive aldehyde group, reaction of the 
aldehyde with a protein amino group to form a Schiff 
base, and finally an Amadori rearrangement to form a 
very stable covalent bond [29]. In this case the 
glucuronic acid moiety remains part of the product. 
However, a study in which they were unable to trap the 
putative aldehyde intermediate with several drugs that 
form acyl glucuronides and are associated with IDRs 
suggests that this is not a major pathway leading to 
covalent binding and IDRs [31]. Given the association 
between the formation of reactive metabolites and the 

risk that a drug will cause an unacceptable risk of IDRs, 
it is quite plausible that acyl glucuronides can be 
responsible for IDRs. Guidance documents from the 
US Food and Drug Administration as recently as 2020 
suggest that acyl glucuronides are potentially toxic; 
therefore, carboxylic acids require special 
consideration. The reactivity of acyl glucuronides varies 
considerably [32]. Several attempts have been made to 
relate the reactivity of the acyl glucuronide with the risk 
of IDRs as discussed below [33, 34]. 

5.2. Acyl-Co-A Thioesters 

Carboxylic acids can form acyl coenzyme-A (Co-A) 
thioesters, which are also chemically reactive. This 
pathway is the first step in the metabolism of fatty 
acids, and it can also lead to amino acid conjugation of 
benzoic acids and their analogs and chiral inversion of 
2-arylpropionic acids [35]. Acyl Co-A thioesters do not 
reach significant concentrations outside of the liver; 
therefore, it is unlikely that they would cause IDRs 
outside of the liver. However, as mentioned, acyl 
glucuronides can also react with thiol-containing 
molecules such as glutathione to form reactive species 
similar to the Co-A thioesters, and this could occur 
outside of the liver. 

6. WHAT IS THE CLINICAL EVIDENCE THAT 
CARBOXYLIC ACIDS ARE A STRUCTURAL 
ALERT? 

A significant problem with studies that try to infer 
mechanism from correlation with risk is that it is very 
difficult to accurately determine IDR risk. In the 
calculation of risk, one needs to know both the number 
of cases of adverse reactions and the number of 
individuals exposed for a sufficient period of time to be 
at risk. Specifically, depending on the type of IDR, most 
have a delay in onset of weeks for rashes, months for 
liver injury, and often more than a year for autoimmune 
type IDRs; therefore, patients exposed to a drug for a 
short period of time would not be at risk. Only about 
10% of serious IDRs are reported [36], but it varies 
significantly between different drugs, and causality is 
often uncertain when a case is reported. Databases 
such as the FAERS database are especially 
problematic. Having reviewed many FAERS adverse 
event reports, there was so much data missing that I 
found it difficult to determine what the adverse event 
was, let alone what caused it. Drugs that have been 
withdrawn from the market are also problematic 
because there is hardly any clinical data available to 
evaluate the adverse reactions associated with drugs 
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such as ibufenac, fenclofenac, and isoxepac, and there 
is also little known about their metabolites. The best 
source of information about the risk of idiosyncratic 
drug-induced liver injury (IDILI) is probably LiverTox 
(https://www.ncbi.nlm.nih.gov/books/NBK547852/), 
which is produced by the National Institute of Diabetes 
and Digestive Diseases. There are also good reviews 
on drugs associated with a significant incidence of 
serious skin rashes [37-39].  

In the paper by Sawamura et al. drugs containing a 
carboxylic acid functional group are categorized as 
safe, warning, or withdrawn, and the claim is that this is 
clearly associated with the reactivity of the acyl 
glucuronide [34]. Included in the safe category are 
levofloxacin and meclofenamate. But the LiverTox 
website lists levofloxacin as a clear cause of IDILI, and 
fluoroquinolones are a probable cause of toxic 
epidermal necrolysis [39]. Meclofenamate is more 
commonly used in horses; it is seldom used in humans 
because of gastrointestinal side-effects, but there are 
convincing cases of thrombocytopenia with a positive 
rechallenge [40] and agranulocytosis [41].  

Drugs included in the warning category are 
diclofenac, ibuprofen, indomethacin, mefenamic acid, 
naproxen, and tolmetin. This implies that they all 
associated with a similar level of IDR risk, and all are 
listed as causing anaphylaxis. All of these drugs are 
nonsteroidal antiinflammatory drugs (NSAIDs), which 
inhibit the synthesis of arachidonic acid and increase 
the production of leukotrienes. This can lead to a 
pseudoallergic reaction that is related to 
pharmacological action of the drugs, and although 
these reactions are complex, they are not related to 
covalent binding [42]. There are likely some true 
allergic reactions caused by these and other drugs, but 
it is difficult to separate the pseudoallergic reactions 
from the true allergic reactions. It is claimed that all of 
these drugs also cause Stevens-Johnson Syndrome 
(SJS)/toxic epidermal necrolysis (TEN); SJS is a milder 
form of TEN. However, in the review by Mockenhaupt 
et al. while there appears to be a small risk of TEN 
associated with acetic acid NSAIDs, i.e. diclofenac, 
indomethacin, and tolmetin, there is no association with 
propionic acid NSAIDs, i.e. ibuprofen and naproxen 
[38]. Causality analysis in these cases is difficult 
because the rash of TEN is usually preceded by a 
prodromal phase, which is characterized by fever and 
malaise, and this prodromal phase is often treated with 
NSAIDs. In addition, diclofenac (discussed in detail 
below), and indomethacin [43] form alternative 
oxidative reactive metabolites. Ironically, the lack of a 

causal association between propionic acid NSAIDs and 
TEN is in contrast to oxicam-type NSAIDs and 
phenylbutazone, which are not carboxylic acids, but are 
associated with a relatively high risk of TEN [37, 38]. 
Drugs such as ibuprofen, which produce reactive acyl 
glucuronides and are classified in the warning category 
are really very safe except for gastrointestinal bleeding 
and pseudoallergic reactions, which are related to their 
therapeutic action [42]. The paper by Jinno et al., uses 
examples similar to the Sawamura paper, but tolmetin 
is listed as causing drug-induced liver injury (IDILI) [33]. 
However, according to the LiverTox website, “There 
have been no convincing cases of tolmetin induced 
liver injury published in the literature, and tolmetin is 
not mentioned as an etiologic agent in large case 
series of drug induced liver injury or acute liver failure.” 

In the withdrawn category of the paper by 
Sawamura there is benoxaprofen, fenclofenac, 
ibufenac, and zomepirac. Benoxaprofen clearly does 
cause IDILI along with several other adverse reactions 
including photodermatitis, which implies that it is 
converted to a reactive species by light. In addition to 
forming an acyl glucuronide, it also forms an oxidative 
reactive metabolite [44]. In the case of zomepirac, it is 
not clear that it is associated with a higher risk of 
allergic or pseudoallergic reactions than other NSAIDs, 
because the risk appears to be associated with the 
indication for the drug [45]. In addition, zomepirac, 
which has a structure very similar to tolmetin, also 
forms an oxidative reactive metabolite [46]. As 
mentioned, we have little published clinical data on 
fenclofenac and ibufenac. Ibufenac is interesting in that 
it is structurally very similar to ibuprofen and the half-
life of its acyl glucuronide is not markedly different. One 
study found that most of the covalent binding of 
ibuprofen and ibufenac to liver microsomes was 
dependent on Co-A, not the cofactor for 
glucuronidation, and there was significantly more 
covalent binding of the Co-A thioester of ibufenac than 
of ibuprofen [47]. In addition, the daily dose of ibufenac 
is up to 4 grams/day. It is certainly possible that the 
presumed liver injury caused by ibufenac is caused by 
an acyl Co-A thioester, but direct evidence is lacking. In 
summary, the simple correlation between acyl 
glucuronide stability and the risk of IDRs is much more 
complex than suggested by the Sawamura and Jinno 
papers. 

A good example for the purpose of trying to 
differentiate various possible causal metabolites is 
diclofenac. Even though most papers put diclofenac 
and ibuprofen in the same risk category, unlike 



Should Carboxylic Acids be Considered a Structural Alert? Journal of Modern Medicinal Chemistry, 2020, Vol. 8      61 

ibuprofen, diclofenac is clearly associated with a 
significant risk of serious IDILI. Diclofenac forms 
reactive metabolites both by oxidative metabolism and 
acyl glucuronide formation. Initial in vitro studies 
suggested that formation of the acyl glucuronide 
decreases acute hepatocyte injury, but this may have 
no relevance for delayed onset IDILI in patients [48]. To 
date, the major genetic risk factor for diclofenac IDILI 
that has been found is the UGT2B7*2 haplotype. This 
suggested that the acyl glucuronide is responsible for 
diclofenac IDILI; however, at the time of this finding 
there was still a question as to whether this haplotype 
resulted in increased or decreased formation of the 
acyl glucuronide of diclofenac because the relative 
activity of UGT2B7*2 isoform is different for different 
substrates [49]. More recently, it was found the 
UGT2B7*2 haplotype is associated with a significant 
decrease in the formation of the diclofenac acyl 
glucuronide [50]. That is very strong evidence that 
glucuronidation of diclofenac is a protective pathway. 
Another possible pathway is the acyl-Co-A-ester; 
however, although a study by Hargus et al. found 
covalent binding of diclofenac involving the acyl 
glucuronide, they found no evidence of binding 
involving the acyl-Co-A pathway [51]. Taken together, 
these data strongly suggest that the oxidative pathway, 
rather than the glucuronidation pathway, of diclofenac 
is responsible for its ability to cause IDILI.  

Several other carboxylic acids in the warning or 
withdrawn category such as furosemide, indomethacin 
[43], mefenamic acid [52], benoxaprofen [44], 
bromfenac [53], tometin, and zomepirac [46] also form 
reactive metabolites by an oxidative pathway. Although 
the data are imprecise, it is likely that these NSAIDS 
are associated with a much higher risk of serious IDRs 
than ibuprofen and naproxen even though they are 
placed in the same category in studies trying to 
correlate acyl glucuronide reactivity with IDR risk. 
Furosemide is interesting in that it has a furan 
structural alert and causes severe acute liver injury in 
mice [54], but even though it is classified in the 
“warning” group, it is a relatively safe drug with respect 
to IDRs. It is interesting that nearly all of the carboxylic 
acids associated with a high incidence of serious IDRs 
are NSAIDs. As mentioned above and described in the 
Commentary by Smith et al. [45], NSAIDs increase the 
production of leukotrienes, which are associated with 
pseudoallergic reactions, and the decrease in 
prostaglandin E, which has antiinflammatory effects. 
These pharmacological effects are likely to be involved 
in the association of NSAIDs with IDRs. As also 

mentioned, the non-COX-2 specific noncarboxylic acid 
NSAIDs are associated with a much higher risk of TEN 
than those that form acyl glucuronides. 

Carboxylic acids are very common, not only in the 
structure of drugs, but also in components of our food 
and endogenous molecules. In addition, many drugs 
are metabolized to carboxylic acids that could form acyl 
glucuronides. In fact, there are several drugs such as 
enalopril that are formulated as esters to provide better 
oral bioavailability but require hydrolysis to a carboxylic 
acid to be effective. Given that many acyl glucuronides 
clearly can covalently bind to proteins, it is surprising 
that they are rarely associated with adverse reactions 
that are clearly due to the covalent binding of acyl 
glucuronides. There are several possible reasons for 
this. If, as proposed in Section 2, most IDRs are 
immune mediated and caused by reactive metabolites, 
there are two things that the reactive metabolite must 
do in order to initiate an immune response: it must 
produce a neoantigen, and it must cause some type of 
cell stress or injury leading to the release of DAMPs 
that activate antigen presenting cells. As mentioned in 
Section 2, the reactivity of the reactive metabolite 
appears to be very important. Although it is dangerous 
to infer very much from in vitro toxicity assays, the 
observation mentioned above that it was the oxidative 
metabolite of diclofenac that caused hepatocyte injury 
may provide a clue [48]. Specifically, most acyl 
glucuronides may simply not be able to cause cellular 
injury. Most of the structural alerts are functional 
groups that form reactive metabolites that are quite a 
bit more reactive, and many are also able to redox 
cycle; this may be important in the mechanism of IDRs. 
The other factor is that to invoke an immune response, 
the reactive metabolite must act as a hapten to form 
neoantigens. Clearly many acyl glucuronides covalently 
bind to proteins and have the potential to form 
neoantigens. However, in the process of activating an 
immune response, it is not the whole drug-modified 
protein that is recognized. This protein must be 
processed and presented in the context of HLA 
molecules, i.e. MHC-I or MHC-II. In the case of 
presentation to CD8 T cells, the presentation is in the 
context of MHC-I, and the length of the peptide is from 
8-10 amino acids in length. In the case of presentation 
to CD4 T cells, the presentation is in the context of 
MHC-II, and the peptides are from 15 up to 24 amino 
acids in length. The processing of the drug-modified 
proteins to produce these peptides involves hydrolysis 
of peptide linkages, but the peptide linkage is an amide 
bond. Therefore, it is quite possible that protein 
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adducts formed from acylation of an amino group on a 
protein by an acyl glucuronide to form an amide bond 
would be removed during processing. A thioester would 
be even more readily cleaved during the processing of 
an antigen. In contrast, an adduct formed by an 
Amadori rearrangement would not be susceptible to 
such hydrolysis. However, as mentioned earlier, the 
inability to trap the aldehyde intermediate in the 
Amadori rearrangement suggests that this pathway is 
not usually significant with respect to covalent binding 
[31]. 

In summary, although it is plausible that reactive 
metabolites formed from carboxylic acids could cause 
IDRs, the evidence suggests that they are not a 
significant structural alert. In addition, even if reactive 
metabolites formed from carboxylic acids are 
sometimes responsible for IDRs, there is more than 
one possible mechanism by which this could occur, 
and simply measuring the half-life of the associated 
acyl glucuronide is unlikely to provide an accurate 
prediction of risk. Yet, pharmaceutical companies 
routinely study the reactivity of acyl glucuronides of 
drug candidates that are carboxylic acids [55]. 

7. CONCLUSIONS 

Carboxylic acids are a very common functional 
group present on many molecules, including drugs. 
This functional group is very important for the 
properties of many drugs. Despite the fact that many 
drugs such as ibuprofen form reactive acyl 
glucuronides, most of these drugs are not associated 
with a significant risk of IDRs that are likely related to 
covalent binding. In most cases of drugs that have a 
carboxylic acid functional group and are associated 
with a high risk of serious IDRs, there are alternative 
reactive metabolites formed by oxidation. In addition, 
the major issue is with NSAIDs, which have 
pharmacological effects that confer risk. On the other 
hand, it is quite possible that some serious IDRs such 
as the liver injury associated with ibufenac are due to 
an acyl Co-A-thioester. It would help to have more 
information about the clinical characteristics of such 
cases and other metabolic pathways for the drug so 
that the association could be more accurately 
assessed. But if such a causal association exists, it 
appears to be uncommon. Association does not prove 
causation, especially when many of the classifications 
of risk are questionable. Biological systems are 
extremely complex, and each drug appears to have a 
unique pattern of biological effects, which makes any 
generalizations dangerous. The simple correlation that 

has been suggested between the reactivity of acyl 
glucuronides and the risk of IDRs is not at all clear. 
There is simply not convincing clinical evidence that the 
covalent binding associated with acyl glucuronide 
formation is responsible for serious IDRs. It is possible 
that acyl glucuronides can lead to IDRs, but testing 
their reactivity during drug development would lead to a 
large number of false positive and false negative 
results. Alternatively, acyl glucuronides may rarely or 
never cause IDRs. Yet, as stated earlier, many 
pharmaceutical companies routinely study the reactivity 
of acyl glucuronides of drug candidates that are 
carboxylic acids. In part, this is likely due to FDA 
guidance documents that imply that acyl glucuronides 
are a significant source of risk. It is possible to 
generate a large amount of data with high throughput in 
vitro assays; however, such data may do little to 
improve drug safety. What is needed is a better basic 
understanding of the in vivo immunological and other 
biological effects of drugs that lead to IDRs. There may 
be several mechanisms of IDRs. If that is the case 
there may never be a method that has a zero false 
negative predictive value, but if we understood some 
mechanisms well, it might be possible to have a 
method with a very low false positive rate. However, 
without a clear mechanistic understanding of the 
mechanisms of IDRs it is unlikely that any method will 
even have an acceptable false positive predictive 
value. 
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