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Abstract. Background: Anthracyclines, such as pegylated
liposomal doxorubicin (PLD) and epirubicin (EP), are
effective for the treatment of malignant tumors. Unfortunately,
their implementation in therapy is limited due to severe side-
effects such as palmar-plantar erythrodysesthesia (PPE).
Patients and Methods: As the exact pathogenesis of PPE still
remains unclear, laser scanning microscopy was utilized to
detect PLD, EP and their metabolites in and on the skin
surface of patients. Results: It was shown that PLD was
significantly more frequently detectable on the skin than was
EP (p<0.05), whereas both substances were most frequently
seen in the palms and soles. Additionally, it has been
visualized that the substances reach the skin surface via
sweat, where they distribute and then penetrate back into the
skin. Conclusion: It was concluded that a high density of
sweat glands and a thick stratum corneum might represent
important predestined factors for the development of PPE.
These findings will help to develop efficient prevention and
therapy strategies for PPE.

Anthracyclines are highly effective substances used in the
treatment of malignant solid tumours (1). Their efficacy is
based on several mechanisms: intercalation between base
pairs of the DNA, generation of free radicals, interactions
with cell membranes and inhibition of topoisomerase II (2).
The implementation of anthracyclines in therapy is limited,
however, as a result of their side-effects, which include
cardiotoxicity and myelosuppression, and the occurrence of
intrinsic or acquired drug resistance (3). Derivatives such as

Correspondence to: Alexa Patzelt, MD, Center for Experimental and
Applied Cutaneous Physiology, Department of Dermatology,
Venerology and Allergy, Charité — Universitaetsmedizin Berlin,
Charitéplatz 1, 10117 Berlin, Germany. Tel: +49 30450518106, Fax:
+49 30450518918, e-mail: alexa.patzelt@charite.de

Key Words: Anthracycline, doxorubicin, epirubicin, PPE, hand-foot
syndrome.

0250-7005/2009 $2.00+.40

epirubicin (EP) or pegylated liposomal doxorubicin (PLD)
were developed in order to improve the therapeutic index by
reducing toxicity. Encapsulation of doxorubicin into pegylated
liposomes positively modifies pharmacokinetics and toxicity,
significantly reducing the severity of cardiotoxicity and
myelosuppression (4). An increased incidence, however, can
be seen in mucocutaneous reactions (5, 6).

Palmar-plantar erythrodysesthesia (PPE) also known as
the hand-foot syndrome, in particular is of importance in this
context. This syndrome comprises erythematous skin lesions
of the palmae and plantae. The dermatitis may spread to
other intertrigeneous sites such as the axilla or groin (4).
This syndrome was first described by Zuehlke (7) as a
reaction to an infusion with mitotane. The clinical picture is
characterized by localized erythema and edema on the palms
of the hands and the soles of the feet. The skin becomes
increasingly drier and begins to develop varying degrees of
scaling. This is usually accompanied by a feeling of tautness
and burning on the affected regions. The condition is painful,
and the quality of life of the patients thus suffers. In serious
cases, the patients can develop such severe blisters and
ulcerations, that hospitalization becomes necessary. The
incidence of PPE depends on the trigger agent, the dose, as
well as the administration interval, and is described as being
approximately 50% for PLD (4, 5).

The pathogenetic mechanism of PPE is generally unknown.
It has been suggested that PPE is induced by both direct and
indirect toxic effects of the cytostatic agents. Fitzpatrick (8)
proposed that repeated doses of chemotherapeutic agents or
high dosage chemotherapy lead to cumulative toxic damage of
the keratinocytes, which are particularly susceptible because of
their high turnover rate. Possible associations to anatomic
differences such as a high density of sweat glands, absence of
folliculo-sebaceous units, a thick stratum corneum and wide
dermal papillae have been described by other authors (9).
Additionally, it was assumed that palms and soles, and areas of
repeated friction or trauma might achieve higher concentrations
of chemotherapeutic agents as a result of the rich capillary
network at the thickened papillary dermis and increased blood
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Table 1. Patient-relevant data for Group I receiving PLD therapy.

Patient ID FIGO Previous therapies PLD dose and interval Body surface (m2) Individual dose (mg) No. of cycles

PLD 1 Relapse Taxol/carboplatin 20 mg/m?2/ql4d 1.60 32.0 4+5
topotecan/etoposide

PLD 2 I c Taxol/carboplatin 20 mg/m2/ql4d 1.82 36.4 7+8
topotecan/etoposide

PLD 3 Relapse Taxol/carboplatin 40 mg/m2/q28d 1.70 68.0 11+12

PLD 4 I c Topotecan/carboplatin 20 mg/m2/ql4d 1.84 36.8 1
taxol

PLD 5 I c Taxol/carboplatin/ 20 mg/m2/ql4d 1.68 33.6 1
gemcitabine

PLD 6 I c Taxol/carboplatin 20 mg/m2/ql14d 1.56 31.2 4
etoposide/topotecan

flow (6). Other authors suggested that an association with
inflammatory processes might exist (10, 11) on the basis that
increased vascularisation exists which results in the substances
penetrating through the extended capillaries. The hand-foot
syndrome has also been observed to occur in combination with
other substances, such as 5-fluorouracil, capecitabine and
docetaxel (12). It is not yet clear, however, why some
substances damage cells, while others do not. Likewise for
capecitabine-associated PPE, different theories concerning the
etiology exist. Asgari et al. (13) suggested that the increase in
dermatological effects during treatment with capecitabine is due
to the fact that keratinocytes in the skin have increased levels of
thymidine phosphorylase, which lead to the accumulation of
capecitabine metabolites. Mrozek-Orlowski et al. (14) have
postulated that the cytostatic drug may be excreted in sweat,
making palms and soles more prone to PPE due to the high
number of eccrine sweat glands in these extremities.

The penetration of anthracyclines and their derivates into
the skin appears to play an important role for the pathogenesis
of PPE. To date, it is relatively unclear how such substances
arrive at the skin subsequent to intravenous application and
why the syndrome predominantly develops on the palms of
the hands and the soles of the feet. Recently, new optical
methods have become available for the detection of
fluorescent substances, such as anthracyclines, in the skin. In
this context, two cases have been published by our own group,
who showed that doxorubicin was detectable on the skin
surface after systemic application (15) and in a sweat duct and
around its opening (16). This indicates that the postulations of
Mrozek-Orlowski might be correct that the substances are
excreted with the sweat, although these initial data need
confirmation by further investigations. Therefore, the aim of
the present study was to investigate the skin on different body
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sites and at time points during the therapy of patients receiving
anthracyclines, in order to learn about the pathomechanisms
of anthracycline-induced PPE. This may lead to the
development of new and effective strategies to combat this
syndrome which are not available at the present time.

Patients and Methods

Chemotherapeutic agent. The chemical structure of anthracyclines
consists of a tetracyclic chromophore which is bound to an amino
sugar with a glycosidic bond (1). The chromophore is also present
in most metabolites (17). The pegylated liposomal doxorubicin
(PLD) and epirubicin (EP) both belong to the class of
anthracyclines; EP is an epimer of doxorubicin in which the C4-
hydroxyl group is located in an equatorial position instead of the
axial position in doxorubicin (18). Both substances, as well as their
metabolites, show a fluorescence of 560+40 nm after excitation with
light at a wavelength of 480+40 nm (1).

The patients included in this study received their individual doses
of either PLD (Caelyx®; Essex Pharma GmbH, Munich, Germany)
or EP (Farmorubicin®; Pharmacia GmbH, Karlsruhe, Germany)
diluted with 250 ml of a 5% glucose solution. All research was
conducted according to the Declaration of Helsinki principle. All
patients included in the study gave their written informed consent.

In order to determine how long the anthracyclines demonstrate
fluorescence when in contact with air, 5 ml PLD were placed on a
glass plate, and the fluorescence was observed up until its
quenching. Quenching occurs as a result of exposure to daylight and
contact with air.

Patients. A total of 12 patients, each of whom had either a
histologically verified mastocarcinoma or ovarian carcinoma, were
prospectively examined. The average age was 57.8 years (range 38
to 77 years). In group I, 6 patients received PLD at a medium
dosage of 23.3 mg/m2 (range 20 to 40 mg/m?2). The patients were
suffering from advanced or metastatic, platinum-resistant ovarian
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Table II. Patient-relevant data for Group II receiving EP therapy.

Patient ID Initial tumor stage First-line therapy Body surface (m?2) Individual dose (mg) No. of cycles
EP 1 pT2, pN1, M1 Epirubicin 60 mg/m2/g21d 2.00 1242 3+4
c-erbB2 3+ Taxol 90 mg/m2/q21d
Herceptin 2 mg/kg/q7d
EP 2 pTlc, pN1, G2 Epirubicin 60 mg/m?/d 1+8, ¢28d 1.68 100.8 3+4
c-erbB2 0 CTX 75 mg/m2/d 1+14, g28d
5-FU 500 mg/m2/d 1+8, ¢28d
EP 3 pT2, pNO, M1 Epirubicin 75 mg/m?%/q21d 1.96 147.0 6
c-erbB2 0 Docetaxel 75 mg/m2/q21d
EP 4 pTlc, pNO, G3 Epirubicin 90 mg/m?2/q21d 1.58 14222 5
c-erbB2 3+ CTX 600 mg/m2/q21d
5-FU 500 mg/m2/q21d
EP 5 pT2, G2, MO Epirubicin 90 mg/m2/g21d 1.74 156.6 3
c-erbB2 1+ CTX 600 mg/m?/q21d
5-FU 500 mg/m2/g21d
EP 6 pT2,pN1, Gl Epirubicin 90 mg/m?/g21d 1.93 173.7 6
c-erbB2 0 CTX 600 mg/m2/q21d

5-FU 500 mg/m2/q21d

carcinoma. The individual dosage for each patient was calculated
before chemotherapy on the basis of their body weight and height
(body surface). The length of the infusion was 30 minutes on
average. An overview is given in Table I. The patients were
examined at different cycles of their chemotherapy.

In group II, 6 patients with metastatic mastocarcinoma received
EP in different chemotherapy regimes (Table II). The medium
dosage was 77.8 mg/m?2 (range 60 to 90 mg/m2). The patients were
examined at different cycles of their chemotherapy.

Study design. Dermatological investigation: In a dermatological
examination, the skin condition of each patient at the time of the
investigation was evaluated. As the patients were at different stages
of their chemotherapy cycles (cycles 1 to 12), the medical documents
of the previous cycles including the dermatological examinations and
the anamnesis were re-evaluated and also considered when
identifying the incidence of PPE in the included patients.

PPE was classified according to the Common Toxicity Criteria —
V. 1.0 of the National Cancer Institute (19).

Anthracycline detection: Previous to anthracycline therapy, 9 body
regions were defined for each patient always including forehead,
both axilla, both palmae, both plantae and both underarm areas.

These body regions were examined with laser scanning
microscopy before infusion, as well as 1, 2, 3, 4 and 5 hours after
the start of the infusion. For each patient, 45 measurements were
conducted for hours 1 to 5 (n=45). Due to the reproducibility of the
signals of each body region on the left and right sides, these were
rated as one area (n=25). In total, 45 measurements for each body
region were conducted for the patient group receiving PLD (n=45),
while 40 for each body site were conducted for the patient group
receiving EP treatment (n=40). A detectable fluorescence signal was
recorded of the presence of PLD and EP.

Confocal laser scanning microscopy. The detection of PLD and EP
and its fluorescent metabolites in and on the skin was carried out
with a dermatological laser scanning microscope (Stratum, Optiscan
Ltd, Melbourne, Australia). A comprehensive review of the optical
principles has been published elsewhere (20). The fluorescence can
be detected at an excitation wavelength of 488 nm. The measuring
apparatus consists of an argon laser, which operates at a wavelength
of 488 nm, and can be directly projected onto the skin with a
flexible hand-held device. The scan can be performed up to a depth
of 200 pum in the tissue. The obtained image corresponds to a lateral
field of vision of 250x250 um. Depending on the topographical
region, the different layers of the epidermis and the upper region of
the dermis can be inspected. The penetration depth varies with
different body regions. It is known from previous measurements
with the dye sodium fluorescein that the images obtainable for the
hands and feet are limited to the upper layer of the epidermis, the
stratum corneum; the stratum granulosum can only be observed in
very few cases. On other body regions such as the axilla, the
forehead and the flexor forearm, it is possible to view all layers of
the epidermis, the upper part of the dermis, as well as the papillae
and vascular plexus. Hence, it is possible to differentiate whether
the substances are localized directly on the skin surface, in deeper
skin layers of the stratum corneum, or in the living tissue.

Results
This study was aimed at the analytical detection of the
anthracyclines PLD and EP, as well as their metabolites, in

and on the skin of patients subsequent to systemic
application, using laser scanning microscopy.
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Table III. Occurrence of PPE after intravenous application of PLD and EP.

No PPE
(no. of patients)

PPE grade I
(no. of patients)

PPE grade II
(no. of patients)

PPE grade III
(no. of patients)

PPE grade IV
(no. of patients)

PLD 2 2
EP 6 0

1 1 0
0 0 0

In pre-investigations, PLD was exposed to air and daylight
on a glass plate, in order to determine the persistence of
fluorescence under these conditions. It was shown that the
fluorescence signals were detectable for the course of 2
hours, although the intensity of the signal constantly
decreased. The time period in which fluorescence can be
detected is not identical to the availability of the
anthracyclines in the skin.

The re-evaluation of the case history of the patients
revealed that PPE occurred in 67% of all patients treated
with pegylated liposomal doxorubicin (PLD) after 3.75
cycles (range 3 to 5) on average. None of the patients who
were treated with EP suffered from PPE (Table III).

All patients were examined using laser scanning
microscopy on 9 different body regions (forehead, both axilla,
both palmae, both plantae and both underarm areas) before
and 1, 2, 3, 4, and 5 h after the start of the infusion with
either PLD or EP. Previous to infusion, in all patients and on
all body regions, no fluorescence signal was detectable. On
average, the fluorescence signal initially occurred in all
patients 1.4+0.9 hours after the start of the treatment (after
1.4+0.8 hours for PLD and 1.5+1.1 hours for EP). The signal
remained detectable throughout the subsequent measurements
(up to 5 hours after the start of the infusion) but continuously
decreased during the end of the measurement.

Fluorescence was detected predominantly on the palms and
on the soles, in comparison to the other body regions
measured. The detection of fluorescence was positive in 91%
of the cases on the hand (n=45) after the application of PLD
and in 82.5% after the application of EP (n=40). On the
soles, fluorescence could be seen in 86% of the cases after
the PLD infusion (n=45) and in 70% (n=40) subsequent to
EP treatment. On the palmae and plantae, extensive intra- and
extracellular fluorescence became evident (Figure 1a).

A fluorescent signal was found on the flexor forearms in
66.6% of the cases after PLD infusion (n=45) and in 52.5%
after EP infusion (n=40). A positive signal was also found on
the forehead after PLD application in 57.7% (n=45), and after
EP in 57.5% of the measurements (n=40). In these regions,
the fluorescent signal was strongest in the furrows of the skin.
In Figure 1 b, fluorescence is visible at the edge of the furrow,
which highlights a narrow strip of cells lying at its edge. The
detection in the axillar region was 71% for treatment with
PLD (n=45) and 35% for treatment with EP (n=40).

2310

Utilizing the Wilcoxon test (SPSS 13.0, Chicago, Illinois),
it was calculated that the fluorescent signal in the skin was
significantly more frequently detectable in the case of PLD
application than of EP application (p<0.05).

Additionally, it was detected that the fluorescent signal is
firstly verifiable in the sweat duct and around its opening on
the skin surface and the superficial layers of the skin and only
in the deep layers of the stratum corneum at a later stage. This
mechanism is shown in Figure lc. The ending of a secretory
duct of the sweat gland is visible (black) and is surrounded
by fluorescence. In Figure 1 d and e, the secretory ducts of the
sweat glands which run through the epidermis to the skin
surface are visible and show strong fluorescent signals.

These phenomenona were observed after PLD infusion as
well as after infusion with EP. No significant difference
concerning intensity and occurrence of fluorescence could be
detected between the patients treated with 40 mg/m?/g28d and
those who were treated with 20 mg/mz/ql 4d. However, the
intensity and occurrence of the fluorescence signal showed
interindividual differences.

Discussion

In the present study, 67% of the patients treated with PLD
developed a PPE, which is in the range of previous reports
(21, 22).

The known fact that anthracyclines show fluorescence has
widely been used for the detection of these substances, for
example in plasma (1). With the help of dermatological laser
scanning microscopy, it is now possible to detect the
fluorescence in the skin after intravenous application.
Because of the fluorescence, cellular structures such as the
cells of the stratum corneum, skin furrows and wrinkles, as
well as sweat glands, can be visualized.

The analysis of the penetration pathway here confirmed
the postulations of previous authors (14, 16) that
anthracyclines and/or their metabolites are transported to the
skin surface via the sweat glands. Here, they spread laterally
and penetrate back into the skin. At 1.4+0.9 hours after the
start of the treatment with either PLD or EP, a fluorescent
signal was detected in all patients. These results support
studies that have shown that substances are secreted with the
sweat 1 to 2 hours after systemic application. Harris et al.
(23), for example, observed the secretion of ketoconazol
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Figure 1. Laser scanning microscopy images showing the patterns of
fluorescence on different body regions subsequent to anthracycline
application. a) Diffuse fluorescent signal on the plantae, b) strong
fluorescent signal in the region of the furrows of the underarm, c) secretory
duct of a sweat gland (arrow) surrounded by fluorescence, d) secretory
duct at the skin surface and e) secretory duct at deeper skin layers.
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with sweat 1 to 2 hours after systemic application and
described a positive correlation between therapeutic
concentrations in the skin and very high secretion rates
through sweat glands. While there are elaborate studies
regarding the penetration of topically applied substances into
and through the skin, investigations are rare regarding inverse
penetration of systemically applied substances into the skin.
Theoretical inverse penetration routes should include the
intercellular, the follicular, and the intracellular routes, as
well as transport via sebaceous glands or via desquamation
(24). Reviewing the available literature revealed that apart
from inverse intercellular penetration, all pathways might be
of relevance, whereas sweat and sebaceous glands appeared
to be the most fast and effective inverse penetration pathways
for systemically applied substances, depending on the
physicochemical properties of the latter (24). With the help
of the laser scanning microscope, it was possible to visualize
PLD and EP, or their metabolites, arriving at the skin through
the sweat glands, and then spreading out laterally on the
surface before penetrating back into the stratum corneum, as
if applied topically. Therefore, it is highly likely that the
sweat glands have to be considered as the most relevant
inverse penetration pathway for these substances. The extent
of the participation of the other possible inverse penetration
pathways, however, is not yet clear.

The results of the present study revealed that a fluorescent
signal was most frequently detectable in the region of the
palms and soles (up to 91% for PLD on the palms) in
comparison to other regions (only in 52.5% for EP on the
flexor forearm). These data might be able to explain the
predilection of PPE for the palms and the soles, as both these
regions have a high number of sweat glands (25) and a
thicker stratum corneum (26) in comparison to other regions.
Other authors have also postulated that high density of sweat
glands and a thick stratum corneum may be the reason for a
heightened concentration of such substances in the skin (9).
On the forehead, which also has a high density of sweat
glands but only a thin stratum corneum, the detection was
more seldom. A thick stratum corneum can therefore be
considered as an additional factor for the development of PPE
because a thick stratum corneum represents a large reservoir
for penetrating substances. Being stored for a longer time, the
anthracyclines can induce oxidative processes and the
formation of free radicals in the skin, which might be
responsible for the development of the skin lesions.

For PLD, in our study we revealed an incidence of 67%
for the development of PPE, which is in the range of data
from literature, whereas for EP, none of the investigated
patients developed this type of side-effect. This variation of
incidence of PPE for PLD and EP might be explained by the
liposomal encapsulation of doxorubicin. It may be assumed
that the pegylated liposomes disintegrate in the stratum
corneum as liposomes are known to interact with various
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lipids of the stratum corneum. As pegylated liposomes are
more hydrophilic than conventional liposomes, the
disintegration presumably occurs more slowly. As a result of
the longer half-life of PLD, higher local concentrations of this
substance can be found in the skin. Additionally, it has to be
considered that PLD has been detected significantly more
frequently on different skin sites than EP, which also might
play a role.

As yet, PPE can only be treated by interrupting therapy or
by dosage reduction (5, 27, 28) which, however, presumably
also affects therapy effectiveness (29). Behaviour
modifications such as limiting pressure applied, avoidance of
extremes in temperature, as well as creaming of these regions,
can be viewed as supportive therapy (27). Several other
topical and systemic therapy regimes exist, such as cooling
(30), topical dimethylsulfoxide (DMSO) application (31), oral
and local steroids (32-34), or oral pyridoxine (35), although
these have not shown convincing success throughout clinical
studies.

An improved understanding of the pathomechanism of
PPE may now lead to the development of new strategies for
prevention and therapy of PPE. Pyridoxine, for example,
which is an antioxidant, might be used in the correct
management of PPE as the formation of free radicals
represents an important mechanism of action of
anthracyclines and might also be responsible for the
development of skin lesions. On the basis of the present
findings, it can be assumed that prevention strategies should
focus on topical application, as the skin surface and the
upper layers of the skin represent the site of action and
systemic application might be able to reduce the
effectiveness of the chemotherapeutic substance by
decreasing the action of the free radicals.

Therefore, the findings of the present study offer
opportunities for further clinical studies developing and
investigating prevention and therapy strategies for PPE, as
anthracyclines represent a popular and effective group of
cytostatic substances.
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