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The Isolated Perfused Bovine Udder as an in vitro Model of 
Percutaneous Drug Absorption 
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Using udders from slaughtered cows as a new in vitro model of percutaneous drug absorp- 
tion, the tissue viability and the percutaneous absorption of dexamethasone, benzoyl perox- 
ide, and etofenamate were studied. The organ was perfused with gassed tyrode solution 
for up to 6 hr. As shown by measu~ment of glucose consumption, lactate production, 
lactate dehydrogenase activity, and pH in the perfusate, the tissue was viable over a 6-hr 
period. This was confirmed by a histological examination. Determination of the udder 
skin-fold thickness demonstrated that no edema developed within the perfusion period. A 
maximum skin penetration of dexamethasone was found after administration of dexametha- 
sone dissolved in acetone with dimethyl sulfoxide, followed by ointment with salicylic acid, 
ointment without salicylic acid, and acetone solution. Experiments with benzoyl peroxide 
and etofenamate demonstrated that the perfused udder skin was capable of metabolizing 
drugs in vitro. In conclusion, the isolated perfused bovine udder is a new in vitro model, 
which maintains bovine udder skin with an isolated vasculature in a viable state. Using 
this in vitro model, we note it is possible to compare the dermal penetration, metabolism, 
and absorption of substances after topical administration of different drug formulations. 
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Introduction 
Percutaneous absorption studies are performed in 

various in vivo and in vitro models to determine the 
rate of drug absorption via the skin. Such models are 
used to study the pharamcokinetics of drugs for topical 
treatment of skin disorders and for transdermal thera- 
peutic systems, for example, in the case of estrogens 
or nitroglycerin. In addition, various drug formulations 
containing nonsteroidal antiphlogistics are in clinical 
use for transdermal treatment of joint diseases. The 
transdermal administration of systemically acting 
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drugs is suitable to minimize systemic side effects. 
Also in toxicological research, percutaneous penetra- 
tion studies are necessary (Riviere et al., 1986). 

In vivo studies in humans and in animals are re- 
stricted by ethical considerations and animal protec- 
tion (Pershing and Krueger, 1987). Therefore, in vitro 
models of percutaneous absorption are a necessity. Es- 
tablished in vitro models with perfused skin prepara- 
tions include isolated rabbit ear, isolated dog leg, and 
isolated pig ear or pig abdominal skin flaps (Riviere 
et al., 1986; Pershing and Krueger, 1987; Monteiro- 
Riviere et al., 1987; Carver et al., 1989). However, at 
present, there is only one in vitro model of percutane- 
ous drug absorption that can be obtained without sacri- 
ficing laboratory animals, that is, the use of the isolated 
perfused ears from slaughtered pigs (de Lange et al., 
1992). 
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We were interested in establishing a new model, 
namely, the isolated perfused bovine udder, which may 
overcome some of the limitations of previously used 
in vitro models. The study presented here determines 
parameters of skin viability as well as the dermal ab- 
sorption of dexamethasone, benzoyl peroxide, and eto- 
fenamate in this new model. 

Materials and Methods 

Dexamethasone was obtained from Sigma (Deisen- 
hofen, F.R.G.). The dexamethasone ointment used in 
the study was purchased from Pharmasal (Anemul, 
Grafelfing, F.R.G.). Benzoyl peroxide and DMSO 
were from Merck (Darmstadt, F.R.G.). A benzoyl per- 
oxide-containing shampoo was from Chassot (Perox- 
yderm, Ravensburg, F.R.G.). Etofenamate, flufena- 
mic acid, and the etofen~ate-containing drug 
Rheumon Lotio were obtained from Troponwerke 
(Koln, F.R.G.). 

Perfuse t4 

As perfusion medium, a gassed (95% oxygen, 5% 
carbon dioxide) tyrode solution (8 g/L NaCl, 200 mg/ 
L KCl, 265 mg/L CaC12.2Hz0, 213 mg/L MgCl2-6H20, 
1 g/L NaHCOs , 65 mg/L NaH2P04, 1.1 g/L glucose) 
containing 5 mg heparin per liter was used. The temper- 
ature of the perfusion fluid was 385°C. Since possible 
edematous effects of the tyrode solution could impede 
drug absorption, dextran (60 g/L) was added to the per- 
fusion fluid in an additional series of absorption studies 
with dexamethasone. Furthermore, the possibility of 
edema formation was studied in separate experiments 
(see below). 

In Vitro Model 

Bovine udders were obtained immediately after the 
slaughter of healthy cows. The udder was dissected, 
and heparinized tyrode solution (about 500 mL) was 
infused immediately via the arteria pudendalis externa 
to counteract clot formation. The udder was then trans- 
ported to the laboratory, and the two right mamma 
complexes were perfused with heparinized tyrode so- 
lution as rapidly as possible by a peristaltic pump (Mas- 
terflex 75 18-10; Cole-Parmer Instr., Chicago, IL, 
U.S.A.) with a perfusion pressure of 80-100 mmHg. 
The isolated perfused bovine udder is supplied by a 
separate arterial influx via the cannulated right and/ 
or left arteries (arteria pudendalis externa). The udder 
consists of four separate glands. The glands of the right 
and left side are supplied by the arteria pudendalis ex- 

Fraction collector I 

Figure 1. Schematic diagram of the isolated perfused bovine 
udder. 

terna dexter and sinister. The venous drainage takes 
place via the vena epigastrica cranialis superficialis 
(Schummer et al., 1976). The left side of the udder was 
not used in the experiments. The period of perfusion 
started within 30 min after slaughtering. The organ was 
supplied by the cannulated arteria pudendalis externa 
with a venous drainage via the vena epigastrica crani- 
alis superlicialis. During the perfusion period, the per- 
fusate flux was recorded. The perfusate flux was be- 
tween 60 and 100 mL per minute. This perfusate flux, 
which is lower than the physiological blood supply of 
the udder in vivo, was chosen on the basis of earlier 
studies demonstrating a sufficient dermal blood supply 
by the infusion with 1% trypan blue containing perfu- 
sion fluid (Kietzmann, M., unpublished experiments). 
Figure 1 shows a schematic diagram of the isolated 
perfused bovine udder. At the end of the perfusion pe- 
riods, trypan blue solution (1%) was infused via the 
arteria pudendalis externa to prove if dermal perfusion 
was sufftcient. The present study includes only organ 
preparations in which the stained dermal blood vessels 
were visible. 

Edema Formation and Tissue ViaMity 

Six udders were perfused with tyrode solution over 
a 6hr period. To examine a possible edema formation, 
we registered the skin-fold thickness and the skin-sur- 
face temperature within this period. Furthermore, the 
udders were weighed before and after the perfusion 
period. The skin-fold thickness was measured using 
a cutimeter (Mitutoyo, Neuss, F.R.G.), and the skin 
surface temperature, by using a surface thermometer 
(Kleinfeld, Hannover, F.R.G.). Simultaneously, pH, 
lactate, and glucose concentration as well as lactate 
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dehydrogenase activity were determined in perfusate the treated area after skin cleaning with a piece of 
fractions collected every hour. For determination of wood-wool. To exclude contamination by the test sub- 
the lactate and glucose concentration and the lactate stances remaining on the skin surface, we removed a 
dehydrogenase activity, we used commercial test kits superficial skin layer (20 pm) after freezing by use of 
(Boehringer, Mannheim, F.R.G.). a cryotome. The biopsies as well as the collected perfu- 

sate fractions were stored at -20°C. 

Dermai Absurp~iu~ of Dexamerhasone 

At 15 min after starting the perfusion, dexametha- 
sone formulations were administered topically on 100 
cm* skin areas. The administered dose was 0.08 mg/ 
cm* dexamethasone. The following drug formulations 
were used (n = the number of udder preparations per 
formulation): 

1. dexamethasone solution in acetone, 0.8 mg/mL (n 
= 5); 

2. dexamethasone solution in acetone, 0.8 mg/mL, 
with the addition of 10% DMSO (n = 6); 

3. dexamethasone ointment, 0.8 mg/g (n = 6); and 
4. dexamethasone ointment, 0.8 mg/g, with addition 

of 5 mg/g salicylic acid (n = 6). 

For the preparations in acetone, the total volume (10 
mL) was slowly administered on the skin within 5 min. 

Dermal Metabolism and Absorption of Benzoyl 
Peroxide 

At IS minutes after starting the perfusion, benzoyl 
peroxide formulations were administered topically on 
skin areas of 100 cm*. The administered dose was 5 mg/ 
cm2 benzoyl peroxide. The following drug formulations 
were used (n = the number of udder preparations): 

1. benzoyl peroxide solution in acetone, 50 mg/mL (n 
= 6); 

2. benzoyl peroxide solution in acetone, 50 mg/mL, 
with addition of 10% DMSO (n = 5); and 

3. benzoyl peroxide shampoo, 25 mg/mL (n = 3). 

Dermal Metabolism, aad Absurp~ia~ of 
Etofenamate 

Radiaimmanoassay of Dexame~hasone 

The dexamethasone concentration was measured by 
a specific radioimmunoassay which used antiserum 
from Paesel (Frankfurt, F.R.G.). The glucocorticoid 
was extracted with ethyl acetate from both the perfu- 
sate and homogenized skin biopsies. The organic ex- 
tract was evaporated to dryness at 37°C under nitrogen. 
Using this radioimmunological method, we achieved a 
detection limit of 62.5 pg dexamethasonelassay. The 
dexamethasone recovery from perfusate and skin was 
87% and 81%, respectively. 

Thin-Layer Chromatography of Benzoyl 
Peroxide and Benzoic Acid 

Benzoyl peroxide and benzoic acid were extracted 
three times with ethyl ether from both perfusate ali- 
quots and homogenized skin biopsies. The pooled 
organic extracts were evaporated to dryness at 
37°C under nitrogen and reconstituted in 100 PL 
acetone. High-pe~ormance thin-layer chromatography 
(HPTLC) was pe~ormed on silica-gel HPTLC-plates 
(60 F-254, 10 x 10 cm, Merck, Darmstadt). Aliquots of 
2.5 ~.LL were applied to the plates and then developed 
with acetone/benzene (15 : 85). Quantitative determina- 
tions of benzoyl peroxide and benzoic acid were car- 
ried out with a Zeiss PMQ-3 TLC-scanner at a wave- 
length of 210 nm. Evaluation was carried out via peak 
areas. The linearity of the method ranged from 0.1 to 
1.0 ng benzoyl peroxide and benzoic acid per microli- 
ter. A detection limit of 0.1 pg benzoyl peroxide and 
0.02 cL& benzoic acid per milliliter of perfusate was 
achieved (Kietzmann et al,, 1989). 

At 15 minutes after starting the perfusion, Rheumon 
Lotio was administered topically on skin areas of 100 Thin-Layer Chroma?ography of Etofenamate 

cm* of six udders. The administered dose was 20 mgl and Flufenamic Acid 
cm* etofenamate. Skin samples were homogenized in a solution of so- 

dium fluoride (0.4 mg/mL). By addition of sodium hy- 

Perfusate and Skin Samples for Studies of Drug 
droxide, the pH of homogenates and perfusate frac- 

Absorption 
tions was adjusted at 12. Etofenamate was extracted 
three times with toluene from both perfusate aliquots 

Perfusion fractions (50 mL) were collected 30 min and homogenized skin biopsies. After extraction of 
after topical drug administration and then every 15 min etofenamate, the pH of aqueous samples was acidified 
up to 135 min. At the end of the perfusion period, skin by addition of hydroc~o~c acid. Thereafter, flufena- 
punch biopsies (8 mm diameter) were sampled from mic acid was extracted three times with toluene. The 



78 

pooled organic extracts were evaporated to dryness at 
37°C under nitrogen and reconstituted in 100 PL ace- 
tone. High-performance thin-layer chromatography 
was performed on silica-gel HPTLC-plates (60 F-254, 
10 x 10 cm, Merck, Darmstadt). Aliquots of S-FL were 
applied to the plates (cleaned with toluene) and then 
developed with cyclohexane/ethyl acetate/formic acid 
(80: 40: 5). Quantitative determinations of etofenamate 
and flufenamic acid were carried out with a Zeiss PMQ- 
3 TLC-scanner at a wavelength of 280 nm. Evaluation 
was carried out via peak areas. The linearity of the 
method ranged from 1 to 200 ng/pL etofenamate and 
flufenamic acid (Dell et al., 1990). 

Statistics 

A statistical analysis of the data of skin-fold thick- 
ness, skin temperature, perfusate pH, glucose and lac- 
tate concentration, and lactate dehydrogenase activity 
in the perfusate was carried out by analysis of variance 
for paired data and paired t test. The computer program 
SAS was used for this purpose. 

The total amount of absorbed substances was calcu- 
lated from the concentrations measured in the perfu- 
sate fractions. A statistical analysis of the data mea- 
sured in the perfusate was performed by the 
Mann-Whitney test. The skin concentration which 
was measured after treatment with the various galenic 
formulations was compared using one-way analysis of 
variance followed by the Newman-Keu~s test. These 

statistical calculations were 
puter program Pharm/PCS . 

Histology 

JPM Vol. 30, No. 2 
October 1993:7s-84 

performed with the com- 

For histological examination, udder skin specimens 
fixed in buffered fo~aldehyde solution (4%) were 
embedded in paraffin. Preparations, (6-7 pm thick, 
sectioned exactly in the vertical direction) were stained 
with hemaiaun-eosin. 

Results 

Model Characteristics 

A photomicrograph of the bovine udder skin (Figure 
2) shows histologicat similarities to human skin with 
respect to epidermal thickness, surface contours of 
dermal papillae, and folds. The in vitro model de- 
scribed in the present study m~ntains the bovine udder 
skin with an isolated vascuiature perfused with a rate 
maintained between 60 and 100 mL/min. The perfusion 
pressure was between 80 and 100 mmHg. The physio- 
logically intact organ perfused with oxygen-containing 
tyrode solution is maintained in a viable state. Thus, 
there were no significant changes of the pH, glucose 
concentration, or lactate dehydrogenase activity 
within a perfusion period of 6 hr (Figure 3). The lactate 
production decreased from an initial 1400 to 1000 mgi 
hr after 2 hr, but only slightly decreased thereafter. 

Figure 2. Photomicro~aph of bovine udder skin. (HE stain, magn~cation, 60x). 
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Figure 3. Glucose consumption (A), lactate production (B), 
lactate dehydrogenase activity (C), and perfusate pH (D) in 
the isolated perfused bovine udder. Perfusion over a period 
of 6 hr. Data are given as mean 2 S.E. of six separate experi- 
ments. * = p < 0.05 (analysis of variance and t test) com- 
pared to the initial value. No significant differences were 
found between the values shown at 2-6 hr. 

The initial high value of lactate may be caused by the 
anaerobic conditions during the transport of the udder 
without perfusion. Based on the not significantly 
changed perfusate glucose concentrations, the glucose 
consumption of the udder was not altered during perfu- 
sion. In addition, no degenerative histological changes 
were found by light microscopy. 
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Figure 4. Skin-fold thickness (A) and skin-surface tempera- 
ture (B) in the isolated perfused bovine udder. Perfusion over 
a period of 6 hr. Data are given as mean 2 S.E. of six sepa- 
rate experiments. No significant differences were found 
(analysis of variance). 

The development of dermal edema is a problem in 
studies using isolated perfused organs. Determining 
the degree of edema formation by weighing the total 
organ before and after the perfusion period is unsuita- 
ble due to the filling of the vasculature with the onset 
of perfusion. Moreover, a continuous artificial “milk” 
production was observed which would influence mea- 
surements of the organ weight. Thus, the relatively 
small (14%) difference in udder weight found between 
weight measurements before and after a 6-hr period of 
perfusion (12.5 * 1.9 kg before and 14.3 & 1.9 kg 
after perfusion; mean + S.E. of six udders) would not 
necessarily exclude marked edema formation. There- 
fore, the skin-fold thickness was used as a more relia- 
ble parameter of edema formation instead of the organ 
weight. As shown in Figure 4, no significant changes 
in skin-fold thickness were observed during a 6-hr per- 
fusion period. The skin temperature increased (nonsig- 
nificantly) initially to 33°C but showed no further 
changes. Histologically, no edema development in the 
udder skin was found. 

Dexamethasone Absorption 

Within 135 min after topical administration of the 
dexamethasone solution (total dose 8 mg), average val- 
ues of 334 ng dexamethasone were found in the perfu- 
sate. When 10% DMSO was included in the acetone 
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Figure 5. Absorption rate-time curve (cumulative) of dexa- 
methasone in the isolated perfused bovine udder. The udder 
skin was perfused with tyrode soiution. Dexamethasone was 
administered as a solution in acetone (triangles) and in ace- 
tone with addition of 10% DMSO (circles) on a treatment 
area of 100 cmZ. The administered dose was 8 mg/lOO cm2. 
Measurement of the dexamethasone concentration in the per- 
fusate was carried out by radioimmunoassay. Concentrations 
in the perfusate are given as mean t SE. of five (acetone) 
and six (acetone with DMSO) separate expe~ments. In case 
of absence of S.E. bars, S.E. was smaller than the symbol 
used. As summarized in Table 2, a significantly increased 
dexamethasone absorption was found after treatment with 
the solution with DMSO; ** = p < 0.01 (Mann-Whitney 
test). 

solution the dexamethasone ~oncent~tion was signifi- 
cantly enhanced (Figure 5). After administration of 
dexamethasone ointments with and without salicylic 
acid, average values of only about 150 ng dexametha- 
sane were measured in the perfusate over the pe~usion 
period of 135 min. There were no significant differ- 
ences between the ointment formulations. The dexa- 
methasone concentration within skin was found to be 
in the range of 7-45 ng/cm* after application of differ- 
ent formulations. There were no significant differences 
of skin dexamethasone concentration between any of 
the formulations (Table 1). 
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To evaluate the influence of perfusion medium on 
drug absorption, we performed the udder perfusion 
using a tyrode solution with addition of dextran in a 
second test series. No significantly different absorp- 
tion rates were found between the experiments with 
and without addition of dextran. The total amounts of 
absorbed dexamethasone and the results of the statisti- 
cal analysis are summarized in Table 2. 

The skin concentrations of benzoyl peroxide and its 
metabolite benzoic acid are summarized in Table 3. 
Whereas the skin concentration of benzoyl peroxide 
was 0.35 mg/cmz, no benzoyl peroxide was detected 
in perfusate fractions after topical treatment with the 
acetone solution (limit of detection 0.1 p,g/mL perfu- 
sate). Instead of benzoyl peroxide, a metabolite of ben- 
zoyl peroxide, benzoic acid, was found in the skin and 
also in perfusate fractions (Figure 6, Table 3). The av- 
erage benzoic acid skin concentration was 0.47 mgl 
cm*. The amount of absorbed benzoyl peroxide mea- 
sured as benzoic acid in the perfusate was 22% of the 
administered dose. These data indicate that benzoyl 
peroxide is metabolized in the skin to benzoic acid 
which is rapidly absorbed. The addition of DMSO to 
the solution did not affect the penetration of benzoyl 
peroxide into the skin. Compared to the solution in 
acetone, the amount of benzoic acid in the perfusate 
and the skin concentration of benzoyl peroxide were 
signi~~antly lower after administration of the sham- 
poo. In contrast, the skin concentration of benzoic acid 
was comparable to the solution. The amount of ab- 
sorbed benzoic acid was significantly lower than after 
treatment with the acetone solution (Figure 6). 

Etofenama te Absorption 

Following 135 min after application to six udders, 
the skin concentrations of etofenamate and its metabo- 
lite flufenamic acid were 350 (288-369) and 12 
(7.5-15.7) t.q$crn* skin. The detectable skin concentra- 

Table 1. Concentration of Dexamethasone in the Udder Skin After Topical Treatment 

Perfusion Medium Tyrode Solution Without Dextran Tyrode Solution with Dextran 

Treatment with Number of Udders ng ~examethasone/cm* 

Acetone solution 5 22.7 ( 7.4-35.4) 15.6 (14.2-17.1) 
Acetone solution with 10% DMSO 6 18. I (14.9-20.1) Not measured 
Ointment 6 17.9 (15.2-19.9) Not measured 
Ointment with salicylic acid (5 mg/g) 6 22.7 (14.6-44.6) Not measured 

No,te: The udder skin was perfused with tyrode solution with or without addition of dextran. Dexamethasone (8 mg/fOO cm2) was 
administered as acetone solution, acetone solution with addition of DMSO, as ointment, and as ointment with addition of salicylic acid on 
a treatment area of 100 cm*. Measurement of the dexamethasone concentration in the skin was carried out by radioimmunoassay. Data are 
given as median and range of five to six udders. No significant difference of the dexamethasone concentration in the skin was found. 
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Table 2. Total Amount of Absorbed Dexamethasone” 

A. Perfusate Medium Without Dextran 
Significant Difference to 

Treatment with 
Amount of absorbed Solution with 

dexamethasone (ng) DMSO Ointment 
Ointment with 
salicylic acid 

Solution 
Solution with DMSO 
Ointment 
Ointment with salicylic acid 

B. Perfusate Medium with Dextran 

334 (236-444) ** ** N.S. 
2062 (800-3767) ** ** 

147 (84-241) ** N.S. 
151 (94-233) +* N.S. 

Treatment with 

Solution 

Amount of absorbed 
dexamethasone (ng) 

273 (193-345) 

Significant Difference to Perfusate Medium I 

N.S. 

Abbreviakms: N.S., not significant. 
Note: Comparison of the total amount of dexamethasone found in the perfusate within the perfusion period of 135 min (Mann-Whitney 

test). 
a Means and range of five to six udders. 
** p < 0.01. The dose of dexamethasone was 8 mg/lOO cm* in all experiments. 

tion of ~ufenamic acid documents that etofenamate is 
partly metabolized in the skin. Whereas the total 
amount of absorbed etofenamate was between 246 and 
645 pg (mean 452 pg), flufenamic acid was not found 
in the perfusate. 

Discussion 

In vivo and in vitro models of percutaneous absorp- 
tion are a necessary tool of drug development for topi- 
cal use (Schaefer et al., 1987). Because in vivo models 
are limited by ethical considerations, in vitro models 
are used predominantly to predict the transcutaneous 
penetration and the dermal absorption of drugs and 
drug formulations. The in vitro models which are cur- 
rently used to measure the percutaneous absorption 
rate of topical administered substances have both ad- 
vantages and limitations compared to in vivo models 
(Reifenrath et al., 1984; Pershing and Krueger, 1987; 
Priborsky and Mtihlbachova, 1990; de Lange et al., 
1992; Wasmus et al., 1992). The barrier and reservoir 

function of the horny layer can be estimated using dif- 
fusion chambers with skin or epidermal flaps (Dick and 
Scott, 1992). Isolated human or animal skin is used in 
diffusion cell systems to characterize the penetration 
via the stratum corneum and the viable skin layers 
(Schaefer et al., 1978; Dick and Scott, 1992). But, using 
these models, the dermal absorption rate is not measur- 
able. Preparations with perfused skin are necessary for 
this purpose. 

In order to evaluate the bioavailability of dermally 
administered drugs, metabolic reactions in the viable 
epidermal and dermat layers have to be considered 
(Kappus, 1989). Therefore, an in vitro system that is 
capable of predicting dermal absorption rates has to be 
constructed from functional, viable skin as it exists in 
situ with its own vascular supply (Pershing and Krue- 
ger, 1987). The perfusion rate, the skin temperature as 
well as the dermal generation of drug metabolites 
should be recorded (Riviere et al., 1986). 

The study described here was performed to evaluate 
the isolated perfused bovine udder as an additional in 

TabIe 3. Concentration of Benzoyl Peroxide and Benzoic Acid in the Udder Skin After Topical Treatment 

Benzoyl Peroxide Benzoic Acid 
Treatment With Number of Udders (mt&m2) (m&cm’) 

Acetone solution 6 0.35 (0.30-0.46)** 0.47 (0.12-0.60) 
Acetone solution with 10% DMSO 5 0.41 (0.34-0.58)** 0.48 (0.26-0.71) 
Shampoo 3 0.04 (0.03-O. 15) 0.36 (0.14-0.51) 

Note: The udder skin was perfused with tyrode solution. Benzoyl peroxide (500 mg/lOO cm2) was administered as acetone solution, 
acetone solution with addition of DMSO, and as shampoo (Peroxyderm) on a treatment area of 100 cm*. Measurement of the concentration 
of benzoyl peroxide and benzoic acid in the skin was carried out by thin-layer chromatography. Data are given as median and range of three 
to six udders. 

** p < 0.01 compared to the shampoo (one-way analysis of variance and Newman-Keuls test). 
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minutes 

Figure 6. Absorption rate-time curve (cumulative) of ben- 
zoyl peroxide (measured as benzoic acid in perfusate frac- 
tions) in the isolated perfused bovine udder. The udder skin 
was perfused with tyrode solution. Benzoyl peroxide was 
administered as solution in acetone (triangles), in acetone 
with addition of 10% DMSO (circles) and as a shampoo (rec- 
tangles) on a treatment area of 100 cm*. The administered 
dose was 500 mg/lOO cm*. No benzoyl peroxide could be 
measured in the perfusate but only its metabolite benzoic 
acid, indicating metabolism of the parent drug during skin 
penetration. Measurement of the benzoic acid concentration 
in the perfusate was carried out by high-performance thin- 
layer chromatography. Concentrations in the perfusate are 
given as mean ? S.E. of six (acetone), five (acetone with 
DMSO), and three (shampoo) separate experiments. In case 
of absence of S.E. bars, S.E. was smaller than the symbol 
used. Compared to the applied solutions with and without 
addition of DMSO, a significantly diminished absorption was 
found after treatment with the shampoo; ** p < 0.01 
(Mann-Whitney test). 

vitro model of percutaneous penetration and dermal 
absorption. In comparison to in vivo and in vitro ani- 
mal models like the isolated perfused porcine skin flap 
or rabbit ear (Riviere et al., 1986; Pershing and Krue- 
ger, 1987), the isolated perfused bovine udder is not 
laboratory intensive. Within 30 min of slaughter, the 
udder can be prepared for a skin penetration study, 
provided the distance between slaughter house and lab- 
oratory is not too far. 

The viability of the perfused udder skin was demon- 
strated by a nearly unchanged glucose consumption, 
an initially decreasing lactate production and a nearly 
unchanged lactate dehydrogenase activity. The ini- 
tially measured high lactate concentration in perfusate 
samples may have been caused by the anaerobic condi- 
tions during transport of the udder from the slaughter- 
house. Electron micrographs demonstrated that the 
bovine udder skin was structurally intact over the per- 
fusion period (Kietzmann, M., unpublished results), 
since no changes in the capillaries or degeneration in 
the spinous, granular, and horny layer of epidermis 
were found. Therefore, there is no indication of a loss 
of function of the isolated perfused bovine udder skin 

within the maximum perfusion period of 6 hr. Also, it 
may be assumed that no significant edema developed 
within the perfusion period of 6 hr. From additional 
studies we know that a prolongation of the perfusion 
period to 8 hr is possible (Kietzmann et al., 1992). As 
shown by Hiernickel (1983) for perfused skin prepara- 
tions, the results of the present experiments demon- 
strate that the udder perfusion with tyrode as an acellu- 
lar solution is without negative effect on the functional 
integrity of the udder skin or the determined dermal 
drug absorption rates. Recent studies on transdermal 
delivery of isosorbide dinitrate substantiate that drug 
metabolism takes place in the perfused bovine udder 
skin, thus demonstrating the viability of the in vitro 
model (Kietzmann et al., 1992). 

Concluding from the results reported here, the iso- 
lated bovine udder seems to be suitable as an in vitro 
model of dermal absorption because of specific ana- 
tomic conditions of this skin gland (&hummer et al., 
1976). In contrast to other in vitro models, the isolated 
perfused udder is perfused by large amounts of perfu- 
sate. The perfusate flux chosen for the present experi- 
ments was 60-100 mL per minute, which is below the 
blood flow through the udder in vivo, but resulted in 
a sufficient skin vascularity. In our experiments, the 
treated skin area was 100 cm2. Because of this large 
dosing area and the large sample volume (fractionated 
perfusate), test substances can be enriched by extrac- 
tion from large sample volumes, thus reaching very 
low limits of detection with analytical methods. 

The percutaneous penetration of dexamethasone, 
benzoyl peroxide, and etofenamate was measured to 
test the isolated perfused bovine udder as an in vitro 
model. In view of the low percutaneous absorption of 
glucocorticoids in vivo (Feldman and Maibach, 1969), 
dexamethasone was used to prove if the barrier func- 
tion of the skin is maintained under the condition of 
the present in vitro model. Benzoyl peroxide is used 
frequently for the topical treatment of human acne. 
The nonsteroidal antiinflammatory agent etofenamate 
is used for systemic and topical therapy of inflamma- 
tory joint diseases. Benzoyl peroxide and etofenamate 
are known to be metabolized in the skin in vivo (Seub- 
ert et al., 1984; Dell et al., 1990) and were, therefore, 
used to examine if the metabolic capacity of the skin 
is maintained with the isolated perfused udder. Fur- 
thermore, both benzoyl peroxide and etofenamate are 
known to be percutaneously absorbed in vivo at a 
much higher extent than glucocorticoids (Seubert et 
al., 1984; Dell et al., 1990), so that by use of these 
drugs the predictive value of the udder model could be 
evaluated. 

The present data substantiate that only a small 
amount of the applied dexamethasone dose is absorbed 
through the skin. Comparison with results of studies 
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on human skin is difficult because significant differ- 
ences of dermal absorption exist between various body 
regions. Using various regions of human skin for drug 
administration, Feldmann and Maibach (1969) studied 
the dermal absorption of steroids in vivo. Calculated 
from the dexamethasone concentration measured in 
urine, the authors found an absorption of only 0.005% 
per hour after topical administration on the forearm 
skin. In our experiments, 0.001% to 0.0025% dexa- 
methasone were absorbed per hour except in the exper- 
iments with addition of DMSO which increased the 
absorption to 0.012% per hour. The low percutaneous 
absorption of dexamethasone found in isolated per- 
fused bovine udder preparations also demonstrates 
that the barrier function of the skin (i.e., stratum cor- 
neum) is maintained in vitro. 

No significant differences in dermal dexamethasone 
absorption were found between application as a solu- 
tion in acetone or as an ointment. An addition of 5 
mg/g salicylic acid to the ointment remained without a 
significant effect on the dermal absorption of the gluco- 
corticoid. Krochmal et al. (1989) showed, using diffu- 
sion cells, that salicylic acid induced an increase of the 
dermal absorption of hydrocortisone within nearly 20 
hr. It can be concluded that the perfusion period of our 
study was too short to find such a salicylic acid effect. 
In contrast to salicylic acid, DMSO (10% in acetone) 
induced a significant increase in the percutaneous pen- 
etration. 

Topically administered drugs are enriched first in 
the horny layer of the epidermis which acts as a reser- 
voir (Dupuis et al., 1984). Thereafter, the drugs pene- 
trate through the viable layers of the skin. Substances 
with a higher and a lower flux rate can be distinguished 
(Guy and Hadgraft, 1984). Based on the results of this 
study, it can be concluded that dexamethasone pene- 
trates the viable epidermal and dermal layers slowly. 
In contrast, benzoyl peroxide rapidly penetrates into 
the skin and is metabolized to benzoic acid which is 
rapidly absorbed. This confirms a study of Seubert et 
al. (1984) with human skin in vivo and of Kietzmann 
et al. (1989) with canine skin in vitro. Compared to 
dexamethasone, a much larger amount of benzoyl per- 
oxide penetrated into the skin. Benzoyl peroxide (35 
mg) and benzoic acid (47 mg) were measured in the 
treated area of 100 cm* after administration of the ben- 
zoyl peroxide solution in acetone. This corresponds to 
18% of the administered benzoyl peroxide dose. The 
amount of benzoic acid which was measured in the 
perfusate represents 4% of the administered dose of 
benzoyl peroxide. Therefore, up to 22% of the adminis- 
tered benzoyl peroxide penetrated into the skin within 
the perfusion period. 

Compared to benzoyl peroxide, a smaller fraction 
of etofenamate is metabolized in the skin. Calculated 

from the perfusate concentrations, the absorbed 
amount of etofenamate is 2% of the administered dose 
within the perfusion period of 2 hr. 

In conclusion, the isolated perfused bovine udder 
seems to be suited to compare the rate of percutaneous 
penetration and dermal absorption of various sub- 
stances and drug formulations by measuring skin and 
perfusate concentrations. The first data on drug ab- 
sorption and metabolism presented in this paper seem 
to indicate that the system yields data that can be ex- 
trapolated to humans, although more experiments with 
other drugs are needed to substantiate the validity of 
the model in this respect. 

This study was supported by a grant from the Bundesgesund- 
heitsamt . 
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