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Stevens-Johnson syndrome and toxic epidermal necrolysis (SJS/TEN) are overlapping manifestations on a spec-
trum of acute drug-induced conditions associated with severe blistering, skin peeling, and multi-organ dam-
age. TEN is an eruption resembling severe scalding, with >30% skin detachment. SJS is a mild form of TEN,
characterized histologically by epidermal keratinocyte apoptosis with dermo-epidermal separation and exten-
sive small blisters with <10% body surface skin detachment. The syndrome can be induced by numerous med-
ications and typically occurs 1-4 weeks after the initiation of therapy. Granulysin is found in the lesions of pa-
tients with SJS/TEN and plays a significant pathogenic role in the condition, but the overall mechanisms linking
medications, granulysin, and disease manifestations remain obscure. This paper reviews evidence suggesting
that the different medications implicated in SJS/TEN have the common property of interacting and synergiz-
ing with endogenous retinoids (vitamin A and its congeners), in many instances causing the latter to accumu-
late in and damage the liver, the main storage organ for vitamin A. It is hypothesized that liver damage leads
to the spillage of toxic retinoid compounds into the circulation, resulting in an endogenous form of hypervi-
taminosis A and cytotoxicity with widespread apoptosis, mediated by granulysin and recognized as SJS/TEN.
Subject to testing, the model suggests that symptom worsening could be arrested at onset by lowering the
concentration of circulating retinoids and/or granulysin via phlebotomy or plasmapheresis or by pharmacolog-
ical measures to limit their expression.
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Background

Stevens-Johnson syndrome (SJS), first described in 1922 by
the American pediatricians Albert Stevens and Frank Johnson,
involves a distinctive macular rash with painful vesicular and
bullous lesions, fever, purulent conjunctivitis, and stomati-
tis [1]. Toxic epidermal necrolysis (TEN), also known as Lyell’s
syndrome [2], is a more severe and potentially life-threaten-
ing condition. Annual incidence rates of TEN range from 0.4
to 1.2 cases per million people per year, and those of SJS from
2 to 6 cases per million people per year [3]. SIS and TEN are
considered variants of the same disorder on a spectrum of se-
vere blistering conditions, characterized histologically by epi-
dermal keratinocyte apoptosis and detachment of the top lay-
ers of the skin (epidermal-dermal separation) over large areas
of the body [4]. In the early stages they are clinically similar
to ordinary drug-induced skin reactions. SJS includes exten-
sive small blisters with <10% body surface skin detachment,
whereas TEN resembles scalding of the skin and involves >30%
skin detachment. Patients with SJS are generally younger than
those with TEN (mean age 25-47 years for SJS; 46-63 years for
TEN) and have a lower mortality rate (SJS, 1-3%; TEN, 10-50%).
The spectrum of acute, drug-induced disease also includes er-
ythema multiforme, a less severe manifestation [5]. Since SJS
and TEN are viewed as overlapping conditions on a continu-
um, they are jointly referred to as SJS/TEN.

The syndrome usually begins 4-14 days after the initiation of
drug therapy but may not be seen for 3—6 weeks after inges-
tion. Malaise, fever, headache, cough, and conjunctivitis devel-
op within 1-3 weeks. Macules first appear on the face, neck,
and upper trunk and then elsewhere, coalescing into large
flaccid bullae, followed by sloughing over 1-3 days. Nails and
eyebrows may also be lost. In severe cases, large sheets of
epithelium slide off the body at pressure points (Nikolsky’s
sign), exposing weepy, painful, and erythematous skin, ac-
companied by painful oral crusts, erosions, and keratocon-
junctivitis. Sloughing may also occur in the bronchi, causing
cough, dyspnea, pneumonia, pulmonary edema, and hypox-
emia. Glomerulonephritis and hepatitis may also develop [6].

SIS/TEN can be induced by many types of drugs as well as in-
fections (e.g., Mycoplasma pneumoniae and herpes virus), organ
or bone marrow transplants, and certain vaccinations, includ-
ing smallpox, anthrax, and tetanus [7-13]. The most common-
ly implicated drugs are anticonvulsants, sulfonamides, other
antibiotics, nonsteroidal anti-inflammatory drugs, antifungals,
antimalarials, and allopurinol.

An illustrative cases series involved an epidemic of severe, drug-
induced disease among a group of Filipino workers in Taiwan who
had taken a combination of metronidazole and mebendazole in
an effort to avoid a positive stool test for intestinal parasites at
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the time of examination for employment [14]. SJS/TEN had been
previously reported as a sequel to the use of metronidazole, but
not to the combined use of metronidazole and mebendazole.
Fifty-three individuals were hospitalized with SJ)S/TEN between
February 1996 and January 1997. The most common symptoms
were fever (100%), erosion or blistering of mucous membranes
(100%), rash (92%), muscle pain (62%), jaundice (53%), vomit-
ing (46%), skin detachment (31%), and liver transaminases over
twice the normal level (66%). Five of the 53 patients died. The
risk of SJS/TEN was not significantly higher among those who
used only mebendazole or metronidazole, but was much higher
among those who used both drugs (OR=9.5; 95% Cl: 3.9, 23.9;
P<.001). Among the patients with SJS/TEN, 76% had been ex-
posed to both drugs compared to 25% among a group of unaf-
fected controls. All of the cases had taken high doses of either
metronidazole or mebendazole (>500 mg). A graded increase in
the severity of STS/TEN was seen with increasing exposure to
metronidazole. No evidence suggested that the outbreak was
due to a microorganism and no further cases were reported after
the practice was stopped of routinely prescribing antihelmintic
drugs for persons traveling abroad. The authors concluded with
the recommendation that antihelmintics should only be used for
persons testing positive for parasites, and the combined use of
metronidazole and mebendazole should be avoided.

Pathogenesis of SJS/TEN

The mechanisms underlying drug-induced SJS/TEN remain ob-
scure and no specific treatment has been proven beneficial.
Secretory granulysin, a cationic protein produced by cytotoxic
T lymphocytes and natural killer cells, has recently been iden-
tified as a major cytolytic molecule responsible for the wide-
spread keratinocyte necrosis in SJS/TEN. However, it remains
unclear how numerous drugs of different classes lead to the se-
cretion of granulysin in SJS/TEN, and how cytotoxic T lympho-
cytes and natural killer cells regulate the secretion of granulysin
in SJS/TEN. This paper presents the hypothesis that the differ-
ent medications implicated in SJS/TEN have the common prop-
erty of interacting and synergizing with endogenous retinoids
(vitamin A and its congeners), causing the latter to accumulate
in and damage the liver, inducing cholestatic liver dysfunction;
this in turn causes toxic retinoid compounds that are stored in
the liver and normally excreted harmlessly via the intestine to
be spilled into the circulation, inducing extensive cytotoxicity
and apoptosis via granulysin, and the clinical symptoms recog-
nized as SJS/TEN. In this hypothesis, SJS/TEN is an endogenous
form of hypervitaminosis A, mediated by granulysin (Figure 1).

Vitamin A and its natural and synthetic congeners (collectively
termed retinoids) are mainly dietary-derived fat-soluble signal-
ing molecules that are stored principally in the stellate cells of
the liver. In normal physiological concentrations, retinoids are
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Figure 1. Retinoid toxicity hypothesis of
Stevens-Johnsons Syndrome/Toxic
Epidermal Necrolysis (SJS/TEN).

essential for numerous biological functions, including cellular
homeostasis, embryonic development, vision, tissue differen-
tiation, growth, and mucus secretion. In higher concentration,
retinoids inhibit cell growth and can be cytotoxic, mutagenic,
and teratogenic [15,16]. Retinoic acid (RA), the most biologi-
cally active metabolite of retinol, is produced from free retinol
in a 3-phase process that involves: 1) hydrolysis of retinyl es-
ters in the liver and the release of retinol into the circulation
and its delivery to the target tissues bound to retinol-binding
protein (RBP); 2) oxidation of retinol to retinal (aldehyde) via
the action of an alcohol dehydrogenase; and 3) synthesis from
retinaldehyde via an aldehyde dehydrogenase reaction, primar-
ily in the cell microsomes. RA exerts its effects by binding to
2 types of nuclear protein receptors: the retinoic acid recep-
tors (RARs) and retinoid X receptors (rexinoids, RXRs), both of
which exist as 3 distinct gene products (alpha, beta, and gam-
ma). These receptors are members of the steroid/thyroid su-
perfamily of ligand dependent nuclear transcription factors that
includes the receptors for steroids, thyroid hormone, and vi-
tamin D. Following ligand activation, the receptors function as
heterodimeric transcription factors and control expression of
numerous target genes by binding to specific DNA sequenc-
es termed RA response elements (RAREs) [17,18]. Some reti-
noids, in addition to activating the RAR/RXR pathway, also bind
to aryl hydrocarbon (Ah) receptors, which play a role in control-
ling the catabolism of retinoic acid via cytochrome P450 [19].

RBP is transported into cells by a membrane protein STRA6
(“stimulated by retinoic acid”), a cell surface signaling recep-
tor activated by the RBP-retinol complex. The association of
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RBP-retinol with STRAG6 triggers tyrosine phosphorylation, which
recruits and activates Janus Kinase (JAK) 2 and the transcrip-
tion factor STATS. This RBP-retinol/STRA6/JAK2/STATS signal-
ing cascade induces the expression of STAT target genes in-
cluding SOCS3 (“suppression of cytokine signaling 3”), which
inhibits insulin signaling and PPAR-gamma, which in turn en-
hances lipid accumulation. Thus retinol, the vitamin A parent
molecule, is a transcriptional regulator in its own right, not only
via the RARs and RXRs [20]. Since RBP levels are markedly el-
evated in obese mice and humans, and high serum RBP lev-
els induce insulin resistance [21], the findings of Berry et al.
[20] that RBP-retinol activates STAT5 through a pathway me-
diated by STRA6 and JAK2 provides a molecular mechanism
by which retinoids play a role in insulin resistance.

After a large vitamin A-containing meal, retinyl esters in serum
(normally <0.2 pmol/L in the fasting state) increase significantly,
following which they are converted to retinol and stored in the
liver. Retinyl esters comprise up to 75% of dietary vitamin A in
developed countries. Serum retinol concentrations remain sta-
ble due to a carefully regulated transport system that ensures
the target tissues receive the necessary amounts of retinol de-
spite major fluctuations in dietary intake [22]. Vitamin A toxici-
ty from provitamin A plant carotenoid sources is unusual and al-
most impossible; on the other hand, the absorption and hepatic
storage of preformed vitamin A from animal foods as well as for-
tified foods and supplements occurs efficiently until a patholog-
ic condition develops [23]. Hypervitaminosis A is thus due main-
ly to excessive dietary intake or self-medication, when the liver
becomes saturated with vitamin A and stored retinyl esters spill
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over into the circulating blood. Vitamin A toxicity occurs when
retinol is presented to cell membranes in a free form, unbound
to RBP, with increased fractions of retinyl esters circulating with
plasma lipoproteins. Retinyl esters react more randomly with cell
membranes than the physiologically-sequestered RBP and hence
are a major form of vitamin A toxicity. Fasting retinyl ester con-
centrations >10% of total circulating vitamin A (retinol plus es-
ters) are considered a biomarker for toxicity. Endogenous and/or
administered retinoic acid (and other acidic retinoids), although
not forming similar esters, is much more biologically active and
hence potentially toxic than retinol itself [23-25].

Retinoid toxicity can also occur endogenously in cholestatic
liver conditions, when the secretion of RBP is interrupted and
retinoids accumulate in the liver, resulting in the spillage of
metabolites of retinol, retinyl acetate, retinal, or retinoic acid
into the circulation and the leakage of retinyl esters from dam-
aged hepatocytes [26]. For instance, in hepatitis B virus-asso-
ciated cholestasis, plasma retinol is decreased in conjunction
with high plasma levels of retinyl esters and very high liver
levels of vitamin A due to reduced hepatic mobilization. The
result is an altered retinoid profile of low plasma retinol con-
centrations and a high retinyl ester: retinol ratio, inducing a
mixed-symptom pattern of hypo- and hypervitaminosis A [27].
It is suggested here that a wide variety of medications inter-
act with endogenous sources of vitamin A to induce SJS/TEN
via cholestatic liver dysfunction and retinoid toxicity.

The precise ranges of serum retinoic acid associated with symp-
tomatic acute or chronic vitamin A toxicity are not well defined.
Treatment with 13-cis-RA at 30 mg/kg/d raises circulating levels
of retinoic acid from a physiological range of about 1-2 ng/ml to
>10 ng/ml, and occasionally to as high as 70 ng/ml[24]. Serum
retinol concentrations (normally 1-3 umol/L) do not reflect he-
patic vitamin A concentrations over a wide range of liver val-
ues, since the secreted RBP is under homeostatic control. Case
reports of hypervitaminosis A often show serum retinol con-
centrations within normal limits, indicating that serum retinol
is not a valid measure of vitamin A status during toxicity [25].

Evidence of Retinoid Toxicity in SJS/TEN

Several lines of evidence support the hypothesis that drug-
induced SJS/TEN involves cholestatic liver dysfunction and an
endogenous form of retinoid toxicity.

Cholestatic liver disease occurs in SJ)S/TEN

Cholestatic liver disease is associated with SJS/TEN and pre-
cedes the skin manifestations. Fever, myalgia, and headache
accompanied by high liver transaminases often precede the
blistering lesions and papular eruptions [28]. The observation
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that symptoms can occur up to 6 weeks after drug ingestion
supports the notion that progressively worsening liver dys-
function could be implicated in the pathogenesis of SJS/TEN.

SJS/TEN resembles hypervitaminosis A

There are strong similarities between the features of SJS/TEN
and those of acute hypervitaminosis A. The major symptoms
reported in the Taiwan outbreak, involving 53 cases [14], were
fever, erosion or blistering of mucous membranes, rash, muscle
pain, jaundice, vomiting, skin detachment, and liver transam-
inases over twice the normal level. These symptoms are also
seen following excessive vitamin A supplement ingestion or
therapy with synthetic retinoids (Table 1).

Similarities between SJS/TEN and acute vitamin A intoxication
are evident in historical reports on the effects of consumption
of vitamin A-rich polar bear, seal, or dog liver. Descriptions of
these effects, based on the experiences of early polar explor-
ers, include all of the major signs of SJS/TEN. In their review
of these incidents, Rodahl and Moore [29] noted that inges-
tion of bear and seal liver could cause severe illness. In one in-
cident, several members of an Arctic expedition who ate bear
liver subsequently lost skin from head to foot. The first signs
of illness occurred 2-4 hours after a meal of polar bear or seal
liver and included drowsiness, sluggishness, irritability, severe
headache, and vomiting. During the second 24 hours, peeling
occurred around the mouth, beginning in spots, and gradually
spread over larger areas. In some cases, skin peeling was total.
Specimens of polar bear liver examined by Rodahl and Moore
were very rich in vitamin A and ranged from 13 000 to 18 000
IU/g of wet material. In biological tests, groups of rats were giv-
en the liver oils in daily doses estimated at 2.6 or 10.3 IU. The
effects varied according to the size of the rat and the amount
and duration of the overdose. Skin lesions ranged from rough-
ening of the hair to alopecia. Drops of concentrate given orally
resulted in skin peeling at the corners of the mouth. Enteritis,
emaciation, and pneumonia followed. Softening and fracturing
of the bones frequently occurred in growing rats; in adult rats,
profuse and sudden internal hemorrhage occurred, and occa-
sionally death. Prolonged feeding led to anemia and paralysis
of the legs. At autopsy there was profuse internal hemorrhage
typical of hypervitaminosis A, under the skin and in the peri-
cardium. A rat that cut its paw on the side of the cage bled to
death from the wound. Life-threatening hemorrhage can also
occur as a feature of SJS/TEN, resulting from minor compli-
cations associated with placement of nasal tubes for enter-
al nutrition or laryngoscopy for endotracheal intubation [12].

Therapeutic retinoids can induce SJS/TEN

In addition to the noted similarities between the manifesta-
tions of SJS/TEN and hypervitaminosis A, therapy with synthetic
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Table 1. Signs and symptoms of SJS/TEN and acute
hypervitaminosis A compared.

Signs/symptoms SJS/TEN Hypervitaminosis A

Abdominal pain + +
CAnorexia s s
Bluredvision s s
Conjunctivitis s .
Ccougr s s
Ccutaneus

erythema * *

Drowsiness + +
Eosinophia s s
Epidermolysis s s
Frosive mucosal

lesions * *

Fever 1 1
Glomerulosclerosis s
Headache s s
Hepatis s s
Hypocalcaemia s .
Cmitabilty s s
jaundice s s
Clver

transaminases + +

increased

Malaise + +
Muscepain s s
Nausea,vomiting s s
Peripheral neuritis s .
Progressve

cutaneous blisters * *

Pulmonary edema + +
Skin desquamation s s
stomats s .

Sources: SJS/TEN, references [1-3,5-8,12]; Hypervitaminosis A,
references [15,23-25,29-31,43].

retinoids has been reported to cause symptoms resembling
SIS/TEN. A fatal case of TEN was described following thera-
py of severe acne with etretinate, a synthetic retinoid [30]. In
a second case, etretinate was reported to induce skin blister-
ing followed by ulceration and scarring [31]. Acitretin therapy
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can induce widespread desquamation similar to that seen in
the “peeling skin syndrome”, a rare form of ichthyosis involv-
ing superficial, painless, continual, or seasonal cutaneous ex-
foliation associated with a probable autosomal recessive in-
heritance that tends to appear at birth or in infancy [32]. In
one such case, a man taking low-dose acitretin presented with
generalized congenital ichthyosiform dermatosis, severe chei-
litis, palmar and plantar hyperkeratosis, and superficial blister-
ing. The skin was moderately hyperkeratotic and the palmar
blisters were subcorneal. Electron microscopy revealed split-
ting within the desmosomal plaque. Further investigations re-
vealed epidermal hypervitaminosis A related to alterations in
epidermal retinoic acid metabolism [33]. Severe skin irritation
and stratum corneum peeling induced by retinol and its syn-
thetic derivatives is thought to be mediated through monocyte
chemoattractant protein-1 (MCP-1) and IL-8, as shown by in-
creased levels of mRNA expression and protein secretion [34],
but may also occur through granulysin, as discussed below.

Compounds that induce SJS/TEN affect retinoid
metabolism

The drugs most commonly implicated in SJS/TEN are anticon-
vulsants (phenobarbital, phenytoin, carbamazepine, lamotrig-
ine, valproate), sulfonamides (cotrimoxazole, sulfasalazine),
other antibiotics (aminopenicillins, quinolones, cephalospo-
rins), certain nonsteroidal anti-inflammatory drugs (oxicams
and Butazone derivatives), antifungals, antimalarials, and al-
lopurinol [7,8,10,11,35,36].

The risk of SJS/TEN and of other hypersensitivity reactions is
strongly associated with the short-term (<8 weeks) therapeu-
tic use of anticonvulsant drugs, including phenytoin, phenobar-
bital, carbamazepine and lamotrigine [37]. Retinol and its oxi-
dative metabolites all-trans-, 13-cis- and 13-cis-4-oxo-retinoic
acid were measured in the plasma of 75 infants and children
treated with various antiepileptic drugs for the control of sei-
zures, and in 29 untreated controls of comparable age. Retinol
levels increased with age while the concentrations of retino-
ic acid compounds did not exhibit age-dependency. Valproic
acid monotherapy increased retinol levels in the infants and
a trend toward increased retinol concentrations was also ob-
served in all other patient groups. The plasma levels of the oxi-
dative metabolites 13-cis- and 13-cis-4-oxo-retinoic acids were
strongly decreased in all patient groups treated with phenyto-
in, phenobarbital, carbamazepine, and ethosuximide, in com-
bination with valproic acid, to levels which were below 1/3rd
and 1/10th of corresponding control values, respectively. Few
changes were observed with all-trans-retinoic acid, except in
1 patient group treated with valproic acid/ethosuximide co-
therapy where increased levels of this retinoid were found.
These compounds markedly affected retinoid metabolism, in-
creasing retinol concentrations but reducing plasma levels of
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the oxidative metabolites 3-cis and 13-cis-4-oxo-retinoic ac-
ids below 1/3 and 1/10% of corresponding control values, re-
spectively [38]. Exfoliative dermatitis, noted 25 days after the
start of anticonvulsant use, was associated with increased liv-
er enzymes and biopsy-proven cholestatic hepatotoxicity [39].
These findings show that therapy with antiepileptic agents
has a profound effect on liver function and endogenous reti-
noid metabolism, but the mechanisms linking these changes
to SJS/TEN remain uncertain.

Antibiotics

Antibiotics, including sulfonamides, can result in a wide variety
of hypersensitivity reactions, as can other sulfonamide-con-
taining medications. HIV-infected individuals in particular are
at high risk of hypersensitivity reactions to sulfamethoxazole,
but a literature search failed to detect an association between
sulfonamides and SJS/TEN [40]. With regard to antibiotics that
have been linked to SJS/TEN, the tetracyclines, particularly de-
methylchlortetracycline and doxycycline, have phototoxic prop-
erties [41] and interact with retinoids [42]. Large doses of tet-
racycline are known to cause hepatic steatosis [40]. Combined
use of tetracyclines and retinoids such as acitretin and other
systemic retinoids or vitamin A supplements would be expect-
ed to increase the risk of known retinoid toxicity reactions, in-
cluding increased intracranial pressure and its symptoms of
papilledema, headache, nausea, vomiting, and visual distur-
bances. In an early report, penicillin was found to increase ret-
inol levels in blood and liver when added to the diet of chicks
[43]. Vancomycin can induce the skin reaction known as “red
man syndrome” and may cause immune-mediated skin reac-
tions. For instance, a 76-year-old Caucasian woman with a his-
tory of penicillin and sulfa allergies received vancomycin for
persistent methicillin-sensitive Staphylococcus aureus (MSSA)
bacteremia. On day 4 of treatment, she developed a papular
rash with small blisters on her distal upper extremities. The
rash worsened and spread to her neck and torso. Skin biop-
sy confirmed a severe leukocytoclastic, necrotizing small-cell
vasculitis that met the criteria for a hypersensitivity vasculitis
associated with drug therapy. Discontinuation of vancomycin
resolved the vasculitis [44].

Antifungal drugs

Antifungal drugs such as metronidazole, ketoconazole, micon-
azole, clotrimazole, liarozole, and fluconazole induce SJS/TEN
by altering gene expression of cytochrome P450 (CYP) 26 iso-
forms. CYPs are a superfamily of heme-containing mono-ox-
ygenases associated with the metabolism of drugs and other
substrates and are highly expressed in the liver, small intes-
tine, and mitochondrial membranes. Different CYPs are involved
at several steps in the biosynthesis and metabolism of retino-
ic acids. In vivo, all-trans retinoic acid (ATRA) is metabolized
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into several oxidized metabolites, 4-hydroxylation being the
principal route of metabolism [45]. Each ATRA stereoisomer
is primarily metabolized by a specific set of human CYPs. The
net effect of ketoconazole and related compounds on retinoid
metabolism is therefore to increase ATRA levels by delaying
plasma clearance. Disruption of embryonal retinoic acid ho-
meostasis has been postulated to represent an etiological fac-
tor in fluconazole-induced teratogenesis. Fluconazole expo-
sure is associated with an up-regulation of gene expression of
CYP26al and CYP26b1 in mouse embryos [46]. Blocking ATRA
metabolism by ketoconazole increases the potency of ATRA
[47]. Inhibition of retinoic acid 4-hydroxylation activity by ke-
toconazole also potentiates the activation of RA receptors by
ATRA [48]. Recalling the collective outbreak of SJS/TEN follow-
ing the combined use of metronidazole and mebendazole [14],
our model suggests that the pathophysiologic mechanism may
have involved P450 enzymatic inhibition of ATRA catabolism,
retinoid accumulation in the liver and subsequent inflamma-
tion, and the spillage of vitamin A, leading to increased circu-
lating retinoid concentrations and toxicity.

NSAIDS

NSAIDS SJS/TEN is occasionally associated with the use of non-
steroidal anti-inflammatory drugs, particularly oxicam deriva-
tives (<2 cases per million users per week for oxicam deriva-
tives, <1 per million users per week for other NSAIDs, and 6
cases per million person-years for celecoxib) [49]. The primary
effect of the NSAIDs is to inhibit cyclooxygenase (prostaglan-
din synthase), which impairs the transformation of arachidonic
acid to prostaglandins, prostacyclin, and thromboxanes. These
drugs can produce an unpredictable, idiosyncratic hypersensi-
tivity reaction characterized by the triad of fever, rash, and in-
ternal organ involvement that starts 1 day to 12 weeks after
the initiation of therapy [49]. NSAID-induced hypersensitivity
reactions include asthma and rhinitis and appear to be precip-
itated by the inhibition of cyclo-oxygenase-1 (COX-1) associ-
ated with increased cysteinyl leukotriene levels and increased
expression of the cysteine leukotriene receptor (CysLT,) on
leukocytes infiltrating the mucosa [50]. Leukotriene C, (LTC,)
is derived from LTC, synthase, which is present in mast cells,
eosinophils, and basophils [51]. The cause of the overproduc-
tion of cysteinyl leukotrienes has remained unclear. The cys-
teinyl leukotrienes (LTCAY LTD,, and LTE,) derive from mast cells
and eosinophils and are products of the enzyme 5-lipoxygen-
ase on arachidonic acid, which is released from cell membrane
phospholipids by the action of phospholipase A,. The 3 cyste-
inyl leukotrienes potently contract bronchial smooth muscle,
induce submucosal edema and mucus secretion, and recruit
eosinophils to the airways [50]. Mast cell involvement and cys-
teinyl leukotriene overproduction in NSAID-induced hypersen-
sitivity reactions may be due to retinoid overproduction and/
or overexpression, since topical application of the synthetic
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retinoid tretinoin to photoaged hairless mouse skin increases
mast cell production, epidermal mast cell growth factor, and
associated mast cell hyperplasia [52]. Application of retinoic
acid led to a dose- and time-dependent promotion of inter-
cellular adhesion molecule-3 (ICAM-3) expression in the hu-
man mast cell line (HMC-1), and retinoid receptor expression
(in RAR-alpha, RAR-gamma, RXR beta, and RXR gamma tran-
scripts) was present in all mast cell lines studied [53]. Rat ba-
sophilic leukemia-1 cells cultured for 48 hours in the pres-
ence of 0.1 ug/ml of all-trans-retinoic acid (RA) also exhibited
a 27-fold greater increase in LTC, synthase activity than con-
trol cells, together with up-regulation of LTC, synthase mRNA
[54]. In addition, RA (0.1 pg/ml) significantly potentiated calci-
um ionophore-stimulated production of LTC4 synthesis, which
was inhibited by dexamethasone. RA-induced LTC4 synthase
activity was also inhibited by dexamethasone [55].

With regard to the association between the antimalarials
and SJS/TEN, the quinolones are one of the most successful
yet poorly understood classes of drugs, with important uses
in the treatment of malaria, systemic lupus erythematosus,
and HIV. The mechanism of action of these drugs, which in-
clude chloroquine, primaquine, mefloquine, and quinine, re-
mains controversial. Using a functional proteome approach
to exploit the structural similarity between quinolones and
the purine ring on ATP to identify quinoline-binding proteins,
Graves et al. [56] identified 2 human proteins, aldehyde de-
hydrogenase 1 (ALDH1) and quinine reductase 2 (QR2), which
were selectively inhibited by quinolones. Other known inhib-
itors of ALDH1 (diethylamineobenzaldehyde) and QR2 (quer-
cetin and chrysin) were lethal to or inhibited the growth of
the malaria parasite Plasmodium falciparum in vitro, but they
were not as effective in killing the parasites as the quinoline
compounds themselves. Chloroquine actively accumulates to
millimolar concentrations in the skin and eye when adminis-
tered at therapeutic levels [57]. A major function of ALDH1 in
the eye is to catalyze the conversion of retinaldehyde to reti-
noic acid (visual pigment). Hence, prolonged therapeutic use
of chloroquine or hydroxychloroquine could result in retinop-
athy and blindness due to ALDH enzymatic inhibition and the
accumulation of retinaldehyde in the retina. In the skin, the
quinolones may similarly lower the availability of retinoic acid
via enzymatic inhibition yet increase the accumulation of ret-
inaldehyde, thereby inducing SJS/TEN in susceptible persons.

Most cases of Stevens-Johnson syndrome/toxic epidermal necrol-
ysis (SJS/TEN) associated with allopurinol use are middle-aged
men with hypertension and/or renal failure, receiving the drug
for asymptomatic hyperuricemia. The most common findings
are cutaneous rash and fever [58]. Allopurinol inhibits xanthine
oxidase, the enzyme responsible for converting hypoxanthine
to xanthine, and xanthine to uric acid; the latter can also ox-
idize retinol (vitamin A alcohol) to its more toxic metabolite,
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retinoic acid [59]. Since xanthine oxidase can result in elevated
levels of both uric acid and retinoic acid, the efficacy of allopu-
rinol in treating gout could be due to inhibition of the conver-
sion of retinol to retinoic acid, of xanthine to uric acid, or both
reactions [60]. Indeed, the synthesis of retinoic acid is strongly
inhibited by allopurinol [61]. It is conjectured that allopurinol-
induced SJS/TEN is due to inhibition of the synthesis of retino-
ic acid by allopurinol and the subsequent accumulation of its
precursor retinol to toxic concentrations. This conjecture is sup-
ported by the current recommendation that patients with gout
should avoid supplementation with vitamin A [62].

The role of corticosteroids in SJS/TEN has been the subject of
prolonged debate. Some have argued from uncontrolled studies
that the management of SJS/TEN requires corticosteroid therapy,
on the basis that SJS/TEN mimics a graft-versus-host reaction
(in which the patient rejects skin, mucous membrane, kidney,
or liver cells to which the drug has bound) and that corticoste-
roids suppress inflammation [63]. Other studies with improved
designs indicate that corticosteroid use increases the risk of
mortality [64] and is itself a cause of SJS/TEN [7]. Corticosteroids
reduce liver and lung concentrations of vitamin A by about 50%
but increase circulating retinol levels [65,66], which would be
expected to increase retinoid expression in cutaneous tissues
and thus worsen overall symptomatology of SJS/TEN. The cur-
rent consensus is that systemic corticosteroids are of unprov-
en benefit in mild forms and clearly deleterious in severe forms
of SJS/TEN [67]. The drugs implicated in SJS/TEN and the sug-
gested mechanisms by which they interact with retinoids to in-
duce SJS/TEN are summarized in the Table 2.

Mechanism of SJS/TEN

Biochemical and morphological studies on early epidermal le-
sions in patients with SJS/TEN have shown that keratinocytes
undergo apoptosis. Earlier studies implicated dysregulation of
fatty acid synthetase (Fas) expression in the pathophysiology
of tissue destruction both in SJS/TEN and graft-host rejection.
This was thought to occur through Fas and fas ligand (FasL)
interactions or through cytotoxic T-cell release of perforin and
granzyme B [12]. At the molecular level, Fas is activated through
FasL [68], thereby activating caspases [69] and causing apop-
tosis. The activation of Fas through FasL was thought to be an
important first step leading to diffuse apoptotic cell death of
epidermal cells in SJS/TEN [4]. Increased serum levels of sol-
uble FasL are reported in some patients with TEN, which sup-
ports this view [70]. The retinoid toxicity model of SJS/TEN is
consistent with these observations, since retinoic acid in the
skin upregulates the expression of FasL molecules by fibro-
blasts [68]. On the other hand, recent evidence suggests that
the Fas-sFasL, perforin, and granzyme pathways are not specific
to SIS/TEN and are upregulated in skin eruptions where mas-
sive apoptosis does not occur [71]. While low concentrations of
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Table 2. Drugs and proposed mechanisms of SJS/TEN involving retinoids (see text for references).

Drug Mechanism

Anticonvulsants

retinaldehyde

Inhibition of retinoic acid synthesis and the accumulation of retinol to toxic

concentrations

Reduced liver and lung concentrations but increased circulating retinol concentrations

Corticosteroids

Alterations in liver function and retinoid metabolism

Aldehyde dehydrogenase enzymatic inhibition and the accumulation of retinol and

retinoic acid inhibit apoptosis, higher doses (>1 uM) promote
it [72] in many different cell lines [73]. Retinoic acid increases
the expression of the tumor suppressor protein p53 and pro-
apoptopic caspases and sensitizes keratinocytes to apopto-
sis [74]. Natural and synthetic retinoids also induce apoptosis
in the BALB/MK mouse keratinocyte cell line [75]. The mech-
anism by which vitamin A can both enhance and inhibit cell
growth, depending on dose or concentration, is due to the al-
ternate activation of 2 different nuclear receptors. Schug et
al. [76] have shown that, in addition to functioning through
RAR, RA activates the “orphan” nuclear receptor PPAR-beta/
delta. Partitioning of RA between the 2 receptors (beta/del-
ta) is regulated by the intracellular lipid binding proteins cel-
lular retinoic acid-binding proteins (CRABP-II) and fatty acid
binding protein (FABP5). These proteins specifically deliver RA
from the cytosol to nuclear RAR and PPAR-beta/delta, respec-
tively, thereby selectively enhancing the transcriptional activ-
ity of their cognate receptors. RA functions through RAR as a
proapoptotic agent in cells (leading to phosphorylation) with
high CRABP-II/FABP5 ratio, but it signals through PPAR-beta/
delta and promotes survival in cells that highly express FABP5.

In sum, the postulated interaction between the drugs implicated
in SJS/TEN and retinoids involves activation of the retinoid cas-
cade and increased retinoid accumulation in the liver, leading to
cholestasis, the subsequent spillage of stored retinoids and ret-
inoid toxicity, marked by keratinocyte apoptosis and the evolv-
ing manifestations of SJS/TEN. Many patients with SJS/TEN are
elderly persons with underlying medical conditions that require
regular medical treatment [12]. Age-associated liver dysfunction
and the tendency for retinoids to accumulate with age [77] could
account for the apparent susceptibility of the elderly to SJS/TEN.

Granulysin

Strong evidence implicates granulysin in the pathogenesis
of SJS/TEN. Granulysin belongs to a family of saposin-like

lipid-binding proteins and is a potent antimicrobial protein.
Contained in the granules of CTLs, principally CD8+ T cells
and natural killer (NK) cells, it is produced as an intact 15-
kDa form and cleaved to yield a 9-kDa form. Granulysin is the
most highly expressed cytotoxic molecule in the blisters of
patients with SJS/TEN, which are mainly composed of CD8+
CTLs. Higher amounts are found in the blisters of patients with
TEN and cause disseminated keratinocyte death. Injection of
purified 15-kDa granulysin into mouse skin induces blistering
and considerable epidermal and dermal necrosis, with propor-
tionally higher concentrations in TEN compared to SJS lesions.
Granulysin (but neither granzyme B, perforin, nor sFasL) was
found to be the key molecule responsible for disseminated ke-
ratinocyte death. Depleting granulysin from the SJS-TEN blis-
ter fluids reduced blister fluid cytotoxicity to a much greater
extent than did depleting sFasL, granzyme B, or perforin, pro-
viding further evidence that granulysin causes the rapidly de-
veloping extensive apoptosis and necrosis in SJS/TEN. Massive
amounts of secretory granulysin are produced by the cells,
leading to severe apoptosis and tissue damage and the unique
presentation of SJS/TEN [71]. Patients with SJS/TEN also have
significantly higher serum concentrations of granulysin com-
pared to healthy controls and patients with ordinary drug-in-
duced skin reactions. Samples obtained from 5 patients with
SIS/TEN showed that granulysin was increased 2—4 days be-
fore skin detachment or the development of mucosal lesions
[78]. Granulysin induces in vitro chemotaxis and activation of
both human and mouse dendritic cells (DCs) via TLR4/Myd88;
it also enhances the proliferation of Th1 (and Th2 to a lesser
extent) cytokine production in response to ovalbumin (OVA)
and increases OVA-specific antibodies, although this adjuvant
effect was observed only in Toll-like receptor 4 (TLR4)-sufficient
and not in TLR4-deficient mice [79]. These findings suggest
that granulysin released from lymphocytes acts as an alarmin,
i.e., a cytokine-like molecule that alerts innate immune effec-
tors, a role previously thought to be confined to neutrophils,
phagocytes or epithelial cells [80].
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Retinoids and granulysin

The mechanism of retinoid toxicity at the molecular level is
not well understood. This paper suggests that retinoic acid is
both a risk factor as well as a direct cause of SJS/TEN in some
instances, via treatment with synthetic retinoids; furthermore,
granulysin is clearly involved in the causation of SJS/TEN. If, as
proposed here, SJS/TEN is induced by endogenous alterations
and increases in the concentration and expression of retino-
ic acid, then granulysin may be an effector molecule for ret-
inoid toxicity. The suggested link between retinoic acid and
granulysin does not appear to have been recognized or inves-
tigated to date. There are, however, similarities between reti-
noic acid and granulysin, which suggest the existence of such
a link. Like retinoic acid, granulysin can activate DCs, it is an
antimicrobial protein, it can function as an immune-adjuvant,
it is involved in the expansion and proliferation of T regulato-
ry cells [79], and it induces apoptosis in target cells involving
caspases and other pathways [81].

Granulysin has a cationic ampholytic structure that has the
capacity to lyse bacterial membranes, which generally con-
tain negatively charged lipids, and can induce lysosomal mem-
brane permeabilization [82]. Granulysin can also kill human
cells that are attacked by CTL or NK by virtue of their mem-
brane-permeabilizing effects on mitochrondria [83]. Retinoids,
including retinol and retinoic acid, can also inhibit cell growth
and interact directly with membranes to increase their per-
meability and fluidity, causing hemolysis of erythrocytes and
increased secretion of enzymes from lysosomes [84]. Cells ex-
posed briefly to retinol show marked swelling, while longer ex-
posures cause cell death. Retinoids also arrest the growth of
cultured lymphocytes due to a membrane destabilizing effect
[85]. Retinol-induced erythrocyte hemolysis results from phys-
ical damage to the membrane micelle induced by the penetra-
tion of retinol molecules rather than by oxidative disruption of
erythrocyte membrane lipids initiated by ROL oxidation [86].

In peripheral blood, the predominant T cell source of granu-
lysin and killing activity is CD8* T cells. The cytokines IL-21
and IL-15 are strong inducers of granulysin in these cells via
JAK/STATS [87]. In a further parallel with granulysin, retinoic
acid in conjunction with IL-15, a cytokine that is greatly over-
expressed in the gut of patients with celiac disease, rapidly
activates intestinal dendritic cells to induce JNK (aka MAPKS)
phosphorylation and releases the proinflammatory cytokines
IL-12p70 and IL-23, impairing the generation of Treg cells. Thus,
in a stressed intestinal environment, retinoic acid can combine
with IL-15 to act as an adjuvant to promote inflammatory cel-
lular and humoral responses [88]. The combined negative ef-
fect of retinoic acid and IL-15 on Treg differentiation occurred
in parallel with the induction of the T helper (Th1) response.
Thus, in the presence of IL-15, retinoic acid has unforeseen
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co-adjuvant properties that induce Th1 immunity to fed anti-
gens. Under infectious conditions associated with the induc-
tion of IL-15 and IL-6 (instead of IL-12p70) in intestinal muco-
sa, retinoic acid promotes IL-17 immunity [88]. These findings
caution against use of vitamin A or retinoic acid for the treat-
ment of autoimmunity and intestinal disorders such as celiac
disease associated with high levels of IL-15 [89]. Isotretinoin
is commonly prescribed for the treatment of severe acne. Case
reports and clinical studies have suggested that in a subgroup
of patients with acne, isotretinoin might serve as a trigger for
inflammatory bowel disease (IBD) [90]. A case-control study
using a large insurance claims database in which incident cas-
es of IBD were identified and matched to three controls on
demographic and other factors showed that ulcerative colitis
(UC) was strongly associated with previous isotretinoin expo-
sure (OR 4.36, 95% Cl: 1.97-9.66) but there was no associa-
tion between Crohn’s disease and isotretinoin use. Increasing
doses of isotretinoin were associated with elevated risk of UC.
Compared with non-users, the risk of UC was highest in those
exposed to isotretinoin for over 2 months (OR 5.63, 95% Cl:
2.10-15.03) [91]. These data on the association between IL-
15 and retinoic acid support the hypothesis that retinoid tox-
icity may be mediated by granulysin and that retinoid-induced
granulysin may be the pathophysiological basis for SJS/TEN.

Conclusions

Adverse drug reactions account for 6-7% of all hospital admis-
sions, of which Stevens-Johnson syndrome and toxic epidermal
necrolysis are the most serious and life-threatening, having a
10-15% mortality rate [92]. The present review suggests that
SJS/TEN results from drug and endogenous biochemical inter-
actions that can cause liver damage and increase retinoid com-
pounds to toxic concentrations and induce apoptosis in the af-
fected tissues via granulysin. This hypothesis could be tested
by comparing retinoid profiles and granulysin concentrations
in patients with SJS/TEN versus controls. The model predicts
that patients have higher percent retinyl esters to total vita-
min A (retinol plus esters) >10% (indicating retinoid toxicity)
and increased retinoic acid concentrations compared to con-
trols, and that percent retinyl esters and retinoic acid concen-
trations correlate significantly with granulysin.

Standard therapy for SJS/TEN currently includes meticulous
wound care, fluid replacement, and nutritional support in an
intensive care setting. Subject to testing, the present model
suggests that progression of SJS/TEN could be arrested by low-
ering the concentration of circulating retinoids, e.g., by phlebot-
omy or plasmapheresis, or by administering drugs that inhibit
the expression of retinoids. Both phlebotomy and plasmapher-
esis reduce plasma retinol and RBP [93]. With regard to the lat-
ter, the outcomes of 10 patients with TEN who were treated
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in a burn unit over a 9-year period using conventional sup-
port measures were compared with those of 6 patients treated
with plasmapheresis. Of the10 patients given standard care, 4
died but all 6 patients treated with plasmapheresis survived.
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