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Nonstandard abbreviations: ALOX5 (and -15), lipoxygenase-5 (and -15); COX, cyclooxygenase; 

MIST, metabolites in safety testing; MMV, Medicines for Malaria Venture; NOAEL, no adverse 

effect level; NSAID, nonsteroidal anti-inflammatory drug; SJS, Stevens Johnson Syndrome. 
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Abstract 
 
While simple O- (ether-linked) and N-glucuronide drug conjugates generally are unreactive and 

considered benign from a safety perspective, the acyl glucuronides that derive from metabolism 

of carboxylic acid-containing xenobiotics can exhibit a degree of chemical reactivity that is 

dependent upon their molecular structure. As a result, concerns have arisen over the safety of 

acyl glucuronides as a class, several members of which have been implicated in the toxicity of 

their respective parent drugs. However, direct evidence in support of these claims remains 

sparse, and due to frequently encountered species differences in the systemic exposure to acyl 

glucuronides (both of parent drug and oxidized derivatives thereof), coupled with their instability 

in aqueous media and potential to undergo chemical rearrangement (acyl migration), 

qualification of these conjugates by traditional safety assessment methods can be very 

challenging. In this Commentary, we discuss alternative (non-acyl glucuronide) mechanisms by 

which carboxylic acids may cause serious adverse reactions, and propose a novel, practical 

approach to compare systemic exposure to acyl glucuronide metabolites in humans to that in 

animal species used in preclinical safety assessment based on relative estimates of the total body 

burden of these circulating conjugates.    
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Introduction 
 
Simple O- (ether) and N-glucuronide conjugates of drugs generally are considered to have a low 

potential to reversibly interact with proteins and trigger pharmacological or toxicological effects 

(the conjugation dramatically lowers lipophilicity and increases polar surface area).  In this 

regard, such conjugates usually do not require further studies from a safety assessment 

standpoint, even when formed in human in an excess amount.  Rare exceptions do occur, such as 

morphine-6-glucuronide which is equi-active as a mu opioid receptor agonist to the parent drug.  

Some caution is applied in the case of acyl glucuronides, whose disposition and possible safety 

risk have been reviewed extensively (Faed, 1984, Span Langguth and Benet, 1992, Bailey and 

Dickinson, 2003, Shipkova et al., 2003, Regan et al., 2010). Whilst the reversible interaction of 

such conjugates with proteins is of equally low frequency to those of ether-linked or N-

glucuronides, acyl glucuronides have the ability to directly acylate proteins and to undergo 

intramolecular rearrangements producing reactive aldehydes that lead to protein glycation 

(Stachulski, 2011, Monrad et al., 2014). Moreover, it is now known that certain acyl 

glucuronides are responsible for clinically relevant drug-drug interactions. Thus, the lipid 

lowering agent gemfibrozil causes time-dependent inhibition of CYP2C8, not by the parent drug, 

but by its acyl glucuronide conjugate (Shitara et al., 2004, Ogilvie et al., 2006). A similar 

phenomenon has been described for the carboxylic acid metabolite of the antiplatelet agent 

clopidogrel (Tornio et al., 2014). 

Recent publications on this topic from industry and regulatory authority authors (Luffer-Atlas 

and Atrakchi, 2017) have included statements such as,  “….not all disproportionate human 

metabolites (i.e. present only in humans or present at higher plasma concentrations in humans 

than in the animals used in nonclinical studies) must be covered in animal studies. While simple 
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O-glucuronides, O-sulfates, and quaternary N+-glucuronides may be considered benign from a 

human safety perspective, animal coverage of acyl glucuronides could still be warranted because 

of reactivity concerns.” Indeed, FDA guidance on the topic refers to acyl glucuronides as “toxic 

compounds” in what appears to be a broad generalization regarding this entire class of drug 

metabolites (US Food and Drug Administration, 2016) despite evidence for in vivo toxicity 

attributable to an acyl glucuronide being sparse. 

Drugs with carboxylic acid moieties often form acyl glucuronides. These are generated in 

combination with oxidative metabolites which, as a general rule, are subject to oxidation at sites 

remote in the molecule from the acidic function. These oxidized metabolites may also form acyl 

glucuronides and the circulating and excreted metabolites will represent a combination of these 

processes. Species differences in proportion are likely due to this combination of processes. For 

instance, the dog is known to be much less capable of oxidative metabolism of a number of 

acidic drugs than other species. Moreover, the excretion of acyl glucuronides is dependent to 

some degree on their stability, which in a biological system depends not just on b-

glucuronidases, but also other hydrolytic enzymes such as esterases. These complexities in the 

formation and elimination of acyl glucuronides contribute to marked species differences in their 

systemic exposure, both in the healthy condition and in disease states (Liu and Smith, 2006). For 

example, rodents are recognised as having much higher esterase activity in their plasma and 

blood than other species. Thus, during safety evaluation, it is likely that human, which readily 

oxidizes acidic drugs, may have potentially abundant acyl glucuronides of oxidative metabolites 

of the drug in circulation and excreta. In contrast, in rat the oxidative metabolites, and in dog the 

acyl glucuronide of the parent, may be the major forms detected. 
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How acyl glucuronides are best considered in MIST (Metabolites in Safety Testing) evaluations 

remains unclear. In that context, general principles are needed in order to establish what 

constitutes an unqualified acyl glucuronide metabolite, especially when species differences are 

likely to arise and there is no compelling universal rationale based on cause and effect that would 

allow for assessing their role as potential toxic entities. In this Commentary, we propose an 

approach to this problem in which all acyl glucuronide metabolites formed from a given drug in 

a particular species are considered collectively, as opposed to individually, in assessing 

compliance with regulatory guidances aimed at qualification of metabolites.    
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Discussion 

History of association of acyl glucuronides with toxicity – adverse effects of NSAIDs 

That acyl glucuronides can react covalently with proteins through acylation (a potentially 

reversible process) or glycation (an irreversible reaction) is now well recognised, but the 

downstream consequences of these phenomena are unknown. Classically, relationships have 

been drawn between acyl glucuronide formation and a causal role in hypersensitivity or Stevens 

Johnson Syndrome (SJS) for non-steroidal anti-inflammatory drugs (NSAIDs) such as 

zomepirac, based on the premise that protein reactivity is linked to various diverse toxicities  

(Smith et al., 1990). Zomepirac was the historical precedent for this view and its glucuronide is 

an example of the most unstable acyl glucuronides (see below) and therefore can be considered 

to be a worst-case example. The major toxicities that led to the withdrawal of zomepirac are 

common to many acidic drugs including other NSAIDs. Whilst many carboxylic acid-containing 

compounds form acyl glucuronides of varying stability, a sizable portion, such as 

acetaminophen, piroxicam, valdecoxib and celeocoxib, do not. Indeed, analysis shows that SJS is 

most pronounced (but still of low incidence) with oxicam derivatives (<2 cases per million users 

per week) and celeocoxib (6 cases per million person-years) compared to the carboxylic acid 

containing NSAIDs (Nanau and Neuman, 2010). These toxicities are complex and no single 

mechanism explains all the findings. Moreover, there is no definitive evidence that acyl 

glucuronide metabolites are responsible for these serious adverse effects. Both hypersensitivity 

and SJS are influenced by the mechanism of action of NSAIDs. Inhibition of cyclooxygenase 

(COX) decreases the production of anti-inflammatory metabolites of arachidonic acid, such as 

prostaglandin E2, and in enhanced processing of arachidonic acid by 5-lipoxygenase (ALOX5) 

and 15-lipoxygenase (ALOX15) enzymes. This, in turn, results in overproduction of leukotrienes 
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and 5- and 15-hydroxyicosatetraenoic acids which have a pro-inflammatory pharmacology. 

Whilst the SJS and hypersensitivity reactions may also have an immune basis (with possible 

involvement of reactive metabolites), the frequency of these reactions does not correlate with the 

formation of acyl glucuronides or their stability. These reactions are classified as urticaria, 

angioedema and anaphylaxis induced by a single NSAID rather than by cross reactivity to 

multiple compounds. Historically, they are most frequently associated with the now little-used 

pyrazolones (antipyrine, aminopyrine and dipyrone, which do not form acyl glucuronides), but 

are also reported for aspirin, paracetamol, ibuprofen, diclofenac and naproxen (the former two do 

not form acyl glucuronides, while the latter three do) (Sanchez-Borges et al., 2010). Moreover, 

like many other NSAIDs, it has been shown that zomepirac can also undergo metabolic 

activation by an oxidative process, independent of acyl glucuronide formation, further 

complicating the situation (Chen et al., 2006). Diclofenac has been closely investigated in terms 

of the potential association between drug-induced hypersensitivity and exposure to oxidative and 

conjugated metabolites of the drug (Harrer et al., 2010). The authors of this work concluded that 

there is no evidence for an IgE-mediated effector mechanism based on haptenation of protein 

carriers in diclofenac hypersensitive patients. Thus, the involvement of metabolites in diclofenac 

hypersensitivity reactions could be excluded. Furthermore, studies of protein modifications from 

patients who did not exhibit drug related hypersensitivity to diclofenac showed either single 

adducts or combinations of adducts involving N-acylations or acyl gucuronide glycations 

(Hammond et al., 2014), indicating that adduct formation is not causative of hypersensitivity.  

 

In the case of another NSAID, zomepirac, a similar analysis again failed to reveal a consistent 

increased risk for hypersensitivity relative to other members of this drug class. In a large patient 
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analysis (Strom et al., 1987), NSAIDs were associated with an adjusted relative risk (95% 

confidence interval) of hypersensitivity reactions of 2.0. The increased risk was highest in those 

with acute pain (3.6) and absent in those without such a diagnosis (1.1 [0.6-1.9]). For those 

exposed to zomepirac, the relative risk was 2.0. Stratification by the probable indication for 

NSAID usage suggested that the risk may be explained by the use of the NSAIDs for different 

indications. The authors concluded that the use of zomepirac appears to be associated with an 

increased risk compared with the use of other NSAIDs. However, the increased risk may be a 

function of the primary indication for the drug or, more likely, the regimen associated with that 

indication, rather than an intrinsic property of the drug. 

Although withdrawn from the market due to its tendency to cause serious anaphylaxis in an 

unpredictable subset of the population, zomepirac is still being actively researched and recent 

publications have focussed on kidney toxicity using mice pre-treated with esterase and 

glutathione synthesis inhibitors (Iwamura et. al., 2016). In these experiments, zomeripac acyl 

glucuronide concentrations in the kidney correlated with biomarkers of kidney injury. 

Extrapolation of the results to the clinical situation where zomepirac caused kidney injury should 

be judged against the pharmacological effects of COX inhibitors. Prostaglandins play a role in 

renal function, including vasodilatation, renin secretion, and sodium and water excretion. The 

result of COX inhibition may therefore be to disturb blood flow to the kidney resulting in renal 

failure (Giovanni and Giovanni, 2002). Effects on the kidney, therefore, could be viewed as a 

class effect, the severity of which depends on individual patient status, potency of the agent and 

clinical dose rather than on the formation of an acyl glucuronide. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on March 20, 2018 as DOI: 10.1124/dmd.118.080515

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 80515 
 

 11 

Stratifying acyl glucuronide stability and reactivity  

A number of approaches have been adopted to understand the relative risk of forming a 

chemically reactive acyl glucuronide. Iwamura et al. (2017) classified a set of acyl glucuronide 

forming carboxylic acid drugs based on whether they had been withdrawn from the market 

(n=3), carried black box warning labels (n=5), or were considered safe (n=13). A half-life in pH 

7.4 aqueous buffer of 3.6 hr or less pointing to increased reactivity was suggested to be an 

indicator of heightened risk. Such stratification is useful, but should not be taken as evidence of 

safety or toxicity. The withdrawn “toxic” drugs included zomepirac discussed in detail above. 

Also included was benoxaprofen, which was phototoxic to a high degree (as well as 

hepatotoxic). The phototoxicity was due to the parent compound and was a major factor in its 

withdrawal.  Benoxaprofen is a good example of the need to understand clearance and 

metabolism pathways fully to design dosage regimens for safe use. This includes accounting for 

the major primary and secondary metabolites. The initial drug half-life was around 24 hr in 

healthy volunteers (Nash et al., 1980), and a single dose of 600 mg was marketed. The skin 

toxicity and hepatotoxicity were observed almost exclusively in elderly patients (Halsey and 

Cardoe, 1982), subsequent studies in whom revealed a drug half-life extending out to 150 hr 

which coincided with reduced creatinine clearance (Handy et al., 1982). Renal excretion of the 

major acyl glucuronide metabolite was believed to be the major clearance pathway. 

Enterohepatic recirculation of this metabolite and subsequent hydrolysis was also likely to be 

important in the persistence of the drug in the body. Gastrointestinal stasis and lowered kidney 

function, therefore, probably led to a marked accumulation of the drug in the elderly. Thus, the 

clearance of benoxaprofen by acyl glucuronidation was a more important factor in the toxicity of 

the drug rather than the reactivity of the acyl glucuronide. 
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Simplifying the role of species differences. A practical approach to qualifying acyl 

glucuronides of a drug and its oxidative metabolites.  

In this Commentary, we suggest that an analysis of the acyl glucuronidation of drugs and their 

oxidative metabolites should be conducted in the normal manner to establish relevant clearance 

pathways in the target patient population. However, for the purposes of qualifying metabolites in 

terms of MIST evaluation, we believe that the most practical and scientific qualification method 

is that acyl glucuronides of a drug and its oxidative metabolites should be considered collectively 

as a total system burden, rather than examined and qualified as individual metabolites. 

In principle, the acylation and/or glycation of proteins by an acyl glucuronide conjugate can have 

two broad toxicological consequences, namely modulation of protein function or production of 

an immunogen. Animal studies are only likely to detect the former (Cho and Uetrecht, 2017). 

The rates of rearrangement/alkylation and acylation relate directly to the aqueous stability of the 

conjugates (Bailey and Dickinson, 2003, Sawamura et al., 2010, Iwamura et al., 2017). 

Importantly, the potential to acylate proteins is not dependent on fine structure remote from the 

site of conjugation, but relates to the overall size and shape of the total molecule and fine 

structure (steric hindrance, etc.) around the site of conjugation. The half life of a number of acyl 

glucuronides in aqueous pH 7.4 potassium phosphate buffer, reported to be mainly a measure of 

susceptibility towards acyl migration, is shown in Table 1 (Sawamura et al., 2010, Zhang et al., 

2011). The variation in structure remote from the carboxylic acid group is highly diverse but the 

conjugates show similar degrees of reactivity when classed according to the chemistry around 

the carboxylic acid moiety. Thus, the variation can be ascribed primarily to steric hindrance at 

the acyl moiety. This role of steric hindrance extends, as expected, to absolute stereochemistry, 

and the rates of acyl migration and hydrolysis are slightly different between structural isomers as 
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exemplified by the R and S enantiomers of the 2-arylpropionic acid derivatives, where the a-

methyl group is in very close proximity to the carboxylic acid. Although steric hinderance 

around the carboxyl group appears to be the major determinant of acyl glucuronide instability, 

the possibility that nearby oxidation may alter conjugate reactivity remains. For example, the 

acyl glucuronide of S-ibuprofen has a half life in pH 7.4 buffer of 3.68 hr whereas that for the 

corresponding conjugate of 2-hydroxyibuprofen is slightly longer at 5.03 hr (Johnson et al., 

2007). At present the only guideline to the risk posed by an acyl glucuronide is its stability/ 

reactivity. This is a pragmatic concept which could be termed a structural alert if the stability/ 

reactivity is below a certain value. As outlined above, a half-life in pH 7.4 aqueous buffer of 3.6 

hr or less could be used as the basis for an alert (Iwamura et al., 2017). 

There remains a need to establish some quantitative measure of metabolite safety to further 

define the risk-benefit relationship. Oxidative metabolites (and indeed stable O-ether- and N-

glucuronide conjugates) in the circulation or excreta should be considered by already well 

established criteria. However, for acyl glucuronides, it seems prudent in qualification to ignore 

the various chemical forms of oxidative metabolites where the site of oxidation is distant from 

the carboxylic acid, and to sum the total acyl glucuronide burden derived from the drug. Thus, all 

acyl glucuronides of parent and metabolites in which the structure around the site of 

glucuronidation is essentially unaltered are considered collectively as a single amount or 

concentration. In the absence of reference standards of these conjugates (as is usually the case in 

early, or even late development), semi-quantitative or “fit-for-purpose” methods (summarized in 

Luffer-Atlas and Atrakchi, 2017) may be employed to estimate the total body burden of acyl 

glucuronides. This value then serves as the basis for qualifying acyl glucuronides of a drug of 
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interest formed in humans relative to the corresponding exposure in animal species used in the 

preclinical safety assessment program.  

As an example of this approach, early clinical development studies with the candidate 

antimalarial agent, P218 (3-(2-(3-((2,4-diamino-6-ethylpyrimidin-5-yl)oxyphenyl)propanoic 

acid), demonstrated that the drug undergoes metabolism by oxidation of the phenyl ring to give a 

phenol (termed “P218-OH”) and by glucuronidation of the carboxylic acid moiety in both the 

parent and its phenolic metabolite (Figure 1). The major drug-related compounds in human 

plasma following a single oral dose of P218 were the two acyl glucuronides, “P218-acylgluc” 

and “P218-OH acylgluc”, both of which were more abundant than unchanged parent and 

exceeded 10% of total drug-related material, while levels of the free phenol were very low 

(Figure 2). In contrast, preclinical safety studies demonstrated that the acyl glucuronide of P218 

was the major circulating species in the rat, which formed only trace amounts of P218-OH and 

its acyl glucuronide, while in the dog, unchanged P218 was the most abundant metabolite in 

plasma, followed by P218-acylgluc; exposure to P218-OH and its acyl glucuonide were 

negligible in this species (MMV, data on file). From a MIST perspective, therefore, animal-to-

human exposure margins could be demonstrated for both P218 and its acyl glucuronide 

conjugate based on the plasma AUC values in both rats and dogs. However, this was not true for 

P218-OH acylgluc, which thus was classified as a disproportionate major human metabolite. The 

problem, then, was how best to qualify P218-OH acylgluc in terms of its safety, given the 

considerable difficulties associated with the chemical synthesis and biological evaluation of an 

inherently unstable metabolite? Application of the “total body burden” reasoning outlined above, 

in which systemic exposure to all acyl glucuronides in each species is summed, provided a 

potential solution to this problem. As shown in Figure 2, the sum of acyl glucuronide (“total 
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acylgluc”) exposures in the dog was almost double that seen in human, while corresponding 

plasma AUC sum in rats approximated the total acylgluc exposure in humans. Since the animal 

data for this analysis derived from doses corresponding to the respective NOAEL values in the 

preclinical safety studies, it could be concluded, therefore, that the major circulating metabolites 

of P218 in humans had been adequately qualified from a safety perspective.           

As illustrated by this example, the “total body burden” approach allows for expected species 

differences in oxidation, glucuronidation and glucuronide hydrolysis and, whilst not perfect, the 

summation provides a good estimate of potential safety risk as reflected by animal-to-human 

exposure margins. One caveat here would be if the parent drug were to inhibit Mrp transporters, 

thereby impairing biliary elimination of acyl glucuronide conjugates, potentially in a species-

dependent manner, then this approach may need to be modified. An additional factor that merits 

consideration is the dose of the parent carboxylic acid, since it is known that high-dose drugs of 

this class traditionally have a poorer safety record than their low-dose counterparts (Smith and 

Schmid, 2006).    

 

The unsatisfactory or impractical alternatives 

One alternative to addressing an unqualified acyl glucuronide in humans is to abandon a 

potentially valuable medicine – clearly, an unattractive proposition. The alternatives, however, in 

fully qualifying such a metabolite by traditional approaches, could be technically and 

scientifically very challenging to the extent that the risks involved and the uncertainty could lead 

to the same unattractive conclusion.  
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The instability of acyl glucuronides in aqueous solution poses formidable challenges in 

establishing appropriate tests for an unqualified acyl glucuronide, whether it is a conjugate of the 

parent drug itself or an oxidative metabolite thereof. Isolation or chemical synthesis of acyl 

glucuronides is possible, but extremely difficult in any quantity necessary for testing. Both in 

vitro and in vivo studies would be at risk of being severely compromised by the formation of 

parent acid (through hydrolysis) and ring migrated isomers of the conjugate. The route of 

administration of a preformed acyl glucuronide would have to be systemic, which runs the risk of 

producing misleading results compared to the “real life” situation where conjugation of the 

parent and any Phase I metabolites takes place in the gut wall and/or liver (Prueksaritanont et al., 

2006). For these reasons, the simplified paradigm outlined in this Commentary is advanced as a 

practical approach to assessing the safety of acidic drugs that undergo metabolism via acyl 

glucuronidation and other routes, and exhibit species differences in the various forms circulating 

and present in excreta.     
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Legends for Figures 

Figure 1.  Structures of P218 and P218 metabolites. 

Figure 2. AUC values at the NOAEL doses in animals (100 mg/kg rat, 20 mg/kg dog) compared 

to the clinical dose (10 mg/kg) for P218, an anti-malarial agent designed for single 

dose administration and cure. The AUC values are the cumulative AUCs over 14 day 

toxicology studies compared to the AUC0-inf after a single dose in human. The values 

shown are for the individual metabolites and the total for acyl glucuronides.  
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Table 1. Half lives of loss of representative 1-O-b-acyl glucuronide conjugates in aqueous buffer 

(pH 7.4) at 37°C (adapted from Sawamura et al., 2010; Zhang et al., 2011). 

Drug Chemical Description Half-life in pH 7.4 

Buffer (hr) 

Diclofenac Phenylacetic acid 0.7 

Ibufenac Phenylacetic acid 0.9 

Indomethacin Indole acetic acid 1.6 

Tolmetin Pyrrole acetic acid 0.4 

Zomepirac Pyrrole acetic acid 0.5 

Montelukast Cyclopropane acetic acid 23.4 

Benoxaprofen Benzoxazole propionic acid 1.2 

Ibuprofen 2-Phenylpropionic acid 3.0 

Naproxen 2-Napthylpropionic acid 2.3 

Gemfibrozil 2,2-Dimethylvaleric acid 63 

Flufenamic acid Anthranilic acid 8.1 

Furosemide Anthranilic acid 4.1 

Meclofenamic acid Anthranilic acid 28.1 

Mefanamic acid Anthranilic acid 16.8 

Probenicid Para-substituted Benzoic acid 0.4 

Repaglinide 2-Ethoxybenzoic acid 11.5 

Telemisartan Biphenyl-2-carboxylic acid 44.5 

Muraglitazar Phenylmethylaminoacetic acid 1.2 

Peliglitazar Phenylethylaminoacetic acid 10.1 
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Figure 2 
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