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however ,  the authors  have n o t  found  any publ ished reports  
o f  k idney metabol i sm studies.  This  is an area that  should 
be investigated. 

The  a m o u n t  of  af la toxin Bl fed to the steer in this s tudy  
is considerably higher  than  the a m o u n t  fed in o ther  cat t le  
studies (1-3). However ,  i f  a 160-kg calf, which would  
normal ly  consume 2~-3% of  its weight  in feed /day  (4-4.8 
kg), ate con tamina ted  feed at 500 ng/g, de tec table  levels o f  
BI and MI should be found  in tissues with current ly  
available methods .  This presumes that  toxin  transmission 
to tissue is propor t iona l  to the tox in  ingested after a 
certain level of  af la toxin has been reached. Accord ing  to 
the data  o f  Keyl and Boo th  (4), af la toxin is de t r imenta l  to 
catt le at a concen t ra t ion  be tween  300 and 700 ppb. Con- 
sequendy,  measurable  quant i t ies  of  aflatoxins are probably  
t ransmi t ted  to the mea t  at  those levels, also. I t  is obvious 
that  there  is still much  in fo rma t ion  to be learned abou t  the 
transmission o f  af la toxin to  edible tissues o f  large animals 
such as cattle. 
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Hepatotoxicity of the Mycotoxin Penicillic Acid: 
A Pharmacokinetics Consideration 

P.K. CHAN and A.W. HAYES, Toxicology Department, Rohm and Haas Company, 
727 Norristown Road, Spring House, PA 19477 

A B S T R A C T  

The hepatotoxicity of penicillic acid (PA), a carcinogenic myco- 
toxin, was substantiated by a variety of hepatic functional tests. 
Involvement of an active metabolite as the toxic species was pro- 
posed. The toxicity of PA was dependent on the route of admini- 
stration with intraperitoneai (ip) being the most toxic followed by 
intravenous (iv) and oral. This difference in toxicity was explained 
by the kinetic data for PA if liver were assumed to be the site of 
activation. One-, 2- and 3-compartment open models were proposed 
~o fit the plasma parent compound concentration after oral, ip, and 
iv administration of PA. Liver, kidneys, heart, lungs and spleen 
contained more radioactivity than brain, fat and muscle after [~4CI - 
PA administration. Only a fraction of the radioactivity in the blood 
was detected as the parent compound. Most of the recovered radio- 
activity in the kidneys and liver was in the cytosol fraction. [14C]PA 
was readily metabolized in the liver. The metabolites were excreted 
in the bile and effectively cleared by the kidneys. Fecal and respira- 
tory CO2 were minor excretory routes. Over 90% of the urinary and 
99% of the biliary metabolites were not extracted with polar organic 
solvents. Three water-soluble metabolites (derived from GSH or 
cysteine) were resolved by HPLC in urine and bile. About 10% of 
the urinary metabolites were detected as glucuronide conjugates. 
These data supported the hypothesis that an active metabolite 
which can be detoxified by GSH is involved in the toxicity of PA. 

INTRODUCTION 

Penicillic acid (PA), an a , ~ u n s a t u r a t e d  conjugated lactone,  

is p roduced  by several food-borne  fungi (1). Since the dis- 
covery of  its carcinogenici ty  in exper imenta l  animals (2-4) 
and its subsequent  isolation f rom agricultural products  
(5-9), PA has been considered a potent ia l  envi ronmenta l  
health hazard to man. In addi t ion to being carcinogenic,  PA 
is hepa to tox ic  in exper imenta l  animals. For  example ,  PA 
caused general ized hepa tocy te  necrosis in mice (10) and 
sinusoidal congest ion in caine liver (11). Morphologic  dam- 
age also occurred in hepa tocy tes  t rea ted with PA concentra-  
t ion as low as 1 x 10 -s M (12). The  hepa to tox ic i ty  o f  PA 
was substant ia ted by studies which showed that PA in- 
creased pentobarb i ta l - induced  sleeping t ime while decreas- 
ing in vivo and in vi tro pen tobarb i ta l  metabol ism (13); 
decreased hepat ic  reduced g lu ta th ione  (GSH), elevated 
serum transaminase and bil irubin,  and increased sulfobro- 
mophtha le in  and indocyanine  green re tent ion (14); and 
depressed hepatic  biliary exc re t ion  o f  indocyanine  green 
(15). The involvement  of  an active metabol i te  and the 
protect ive  role of  GSH in PA hepa to tox ic i ty  was proposed  
(13,14).  The  acute  toxic i ty  of  PA was increased in enzyme-  
induced or  GSH-deple ted  mice,  bu t  decreased in enzyme-  
inhibi ted mice or  when the GSH level was mainta ined by 
cysteine p re t r ea tmen t  (13,14).  Based on these results, a 
metabol ic  pa thway by which PA could be detoxi f ied  by 
GSH was proposed.  Pharmacokine t ic  data needed to sup- 
por t  or negate this hypothesis ,  however ,  were not  available. 
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TABLE I 

Tissue Distribution of Radioactivity Derived from [t4C] Penicillic Acid 
ha Mice after Intraperitoneal Administration (90 mg/kg%0.5/~Ci) 

Penicillic acid equivalent tissue concentration (tag/g) a 

30 min 60 min 24 hr 48 hr 

Urinary bladder - - -  (11.2) - - -  (21.7) - -  (0.1) 
Gall bladder - - -  ( 0 . 3 )  - - -  ( 1 . 2 )  - -  (0.3) 
Liver 110.9 ( 6 . 8 )  61.6 ( 3 . 5 )  14.3 (0.7) 
Kidney 254 .9 (5 .2 )  153.1 ( 3 . 2 )  24.6(0.4) 
Heart 33.9 ( 0 . 2 )  30.1 ( 0 . 2 )  11.8 (0.1) 
Lung 51.5 ( 0 . 3 )  33.3 ( 0 . 2 )  18.0 (0.1) 
Testes 29.5 ( 0 . 3 )  23.1 ( 0 . 2 )  9.8 (0.1) 
Spleen 82.6 ( 0 . 4 )  53.2 ( 0 . 2 )  13.9 (0.1) 
Brain 5.3 ( 0 . 1 )  4,8 ( 0 . 1 )  1.5 (0.0) 
Semivesicle 55.8 ( 0 . 4 )  33.3 ( 0 . 2 )  18.1 (0.1) 
Fat 21.1 ( 0 . 3 )  23.9 ( 0 . 2 )  7.3 (0.2) 
Muscle 16.2 ( 0 . 4 )  23.8 ( 0 . 4 )  5.1 (0.4) 
Stomach 67.7 ( 1 . 8 )  86.4 ( 1 . 9 )  8.4 (0.2) 
Duodenum 922.2 (18.8) 825.5 (11.1) 17.4 (2.2) 
Jejunum 280.7 ( 8 . 4 )  188.9 (4 .5 )  11.6 (0.5) 
Ileum 266.5 ( 5 . 7 )  224.7 ( 4 . 1 )  23.1 (0.8) 
Caecum 156.4 ( 2 . 8 )  132.9 (2 .7 )  54.2 (1.1) 
Large intestine 123.4 ( 3 . 3 )  96.6 ( 2 . 2 )  47.5 (1.1) 
CO~ - - -  (0.4) 

aEach value represents the mean • SE of at least 3 animals. 
sent the % • SE of dose recovered in tissues. 

- -  (0.1) 
- -  (0.0) 
5.4 (0.2) 

10.9 (0.2) 
6.8 (0.0) 
7.3 (0.0) 
4.3 (0.0) 
5.6 (0.0) 
1.1 (0.0) 
6.3 (0.0) 
4.4 (0.1) 
3.0 (0.2) 
6.3 (o.1) 
8.1 (o.1) 
8.6 (0.4) 

lO.4 (0.3) 
14.6 (0.3) 
31.5 (1.2) 
- -  (0.6) 

Values in parentheses repre- 

This paper  reviews the pharmacokine t ic  data for  PA in mice 
and its relat ionship to the active metabol i te  hypothesis .  

EXPERIMENTAL PROCEDURES 

Exper imenta l  procedures  are briefly summar ized;  details 
have been publ ished elsewhere (16,17).  

The pur i ty  (>99%)  of  PA, produced  as described by 
Chan et  al. (14)  was established by ul t raviole t  (UV) absorp- 
t ion,  infrared,  NMR,  mass spectra, TLC and HPLC. The 
radiopuri ty  (>99%)  and chemical  puri ty (>99%)  of  [ t a c ] -  
PA, a gift  f rom Dr. A. Ciegler (USDA,  New Orleans, LA), 
was conf i rmed  by r ad iochromatography  and HPLC, respec- 
tively. [taC] Cyste ine  He!  was obta ined  f rom New England 
Nuclear (Cambridge,  MA). All chemicals and organic sol- 
vents were o f  the highest pur i ty  available. 

TABLE H 

Tissue Distribution of Radioactivity Derived from [t4C] PenicUlic 
Acid in Mice after Intravenous Administration (90 mg/kg%0.5 ~uCi) 

Penicillic acid equivalent 
tissue concentration (tag/g)a 

(1 hr) (24 hr) 

Urinary bladder - - -  (9.8) - -  (0.1) 
Gall bladder - - -  (0.3) - -  (0.0) 
Liver 32.5 (1.8) 6.1 (0.3) 
Kidney 138.2 (1.8) 25.0 (0.4) 
Heart 68.6 (0.5) 21.4 (0.1) 
Lung 90.9 (0.7) 18.6 (0.2) 
Testes 2.8 (0.0) 
Spleen 33.8 (0.1) 13.4 (0.0) 
Brain 12.3 (0.2) 3.3 (0.0) 
Muscle 29.7 - - - - -  11.2 - - -  
Stomach 17.4 (0.4) 5.0 (0.1) 
Duodenum 395.5 (6.3) 12.6 (0.3) 
Jejunum 92.9 (2.2) 5.0 (0.1) 
Ileum 49.5 (1.2) 5.3 (0.1) 
Caecum 30.0 (0.5) 8.5 (0.1) 
Large intestine 24.6 (0.4) 9.7 (0.2) 

aEach value represents the mean • SE of at least 3 animals. 
Values in parentheses represent the % • SE of dose recovered in 
tissues, 

Animals and Treatments 
Male ICR mice (33-36 g) f rom Charles River Mouse Farm 
(Wilmington,  MA) were housed in artificially i l luminated 
(12 hr /day)  and tempera ture  (72 +- 2 F)-control led rooms 
free f rom known sources of  toxic  contaminants .  Standard 
labora tory  roden t  chow (Rals ton Purina Co.,  Richmond,  
IN) and water  were freely available to animals at all times. 
PA and cysteine were dissolved in normal  saline. Diethyl-  
maleate (DEM) was dissolved in corn oil. PA was adminis- 
tered ei ther orally,  ip or  iv. [taC] PA (0.5 Ci) was adminis- 
tered via the tail vein. Bile was col lec ted  by cannulat ion of  
the c o m m o n  bile duc t  with PE-IO po lye thy lene  tubing after  
the gall bladder  was ligated. 

Radioactivity Assay 
Tissue, fecal mat te r  and b lood samples were oxidized in a 
Packard Model  306-Tri-Carb Sample  Oxidizer .  The CO2 was 
t rapped with 8 mL of  Carbo-Sorb and counted  for radio- 
act ivi ty after adding 10 mL of  Permaf luor  V. Plasma, urine 
and bile samples were counted  for  radioact ivi ty  after adding 
10 mL of  PCS scinti l lation fluor.  

Extraction 
Extrac t ion  procedures  for au thent ic  PA f rom plasma, urine 
and bile were as described by Chan et  al. (16). For  PA and 
its metabol i tes  in urine and bile, the fol lowing procedures  
were adopted.  Three volumes of  0.2 M acetate  buffer solu- 
tion (buffer  pH = 5.0 for  urine, and pH = 4.4 for bile) were 
added to urine or  bile samples. The  mix ture  was ext rac ted  
twice with 3 vo lumes  of  e thyl  acetate  by mixing each ex- 
t ract ion for 2 min and cent r i fugated  at 600 • g for 10 min 
with a table-top centrifuge.  The  organic phase was sepa- 
rated and evapora ted  under  N2. The  remaining aqueous  
phase was centr i fuged again and the clear layer was trans- 
ferred into a test tube and evapora ted  to dryness under  N2. 

High Pressure Liquid Chromatography (HPLC) 
Reversed-phase chromatography  was per formed using a 
Waters Associates HPLC system (Milford, MA) with a pre- 
column,  a guard co lumn and a C-18 /aBondapak  analytical 
co lumn (18). The  elut ion systems were opt imized  based 
on sensitivity and separat ion of  PA or its metaboli te(s)  
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from interfering substances. Two systems containing 
distilled-in-glass acetonitrile (AN) or methanol  (MeOH) 
(Burdick and Jackson Labs, Muskegon, MI), glass distilled 
water (H20) and 0.5% glacial acetic acid (Ac) (Fisher 
Scientific Co., Fairlawn, NJ) were used. For  the determina- 
tion of plasma authentic PA, the mobile phase consisted 
of AN, H20 and 0.5% Ac in a volume ratio of  25:75:0.3.  
For  the separation of urinary and biliary PA metaboli tes,  
the mobile phase consisted of MeOH, H20, 0.5% Ac in a 
volume ratio of  13:87:0.3. The flow rate was 1.2 mL/min 
in both systems. The HPLC column eluates, collected at 
10-see intervals, were dissolved in 10 mL PCS fluor for 
liquid scintillation spectrometry.  Radioactivity profiles 
of the column eluates were corrected with the est imated 
lag time. 

Glucuronide and Sulfate Conjugate 

Urine samples were subjected to analysis for glucuronide 
and sulfate conjugates according to the methods of Talalay 
et al. (19) (Sigma Chemical Co., St. Louis, MO) and 
Dodgson and Spencer (20), respectively. 

Kinetics of PA 

An aliquot (100-200 /aL) of each plasma sample collected 
after oral, iv, and ip admfnistration of  PA (90 mg/kg) was 
extracted and analyzed for PA by HPLC (18). The plasma 
PA concentration (Cp) was fitted to a 1-, 2- or 3-compart- 
ment open model using the Non-Linear-Least-Squares 
Regression Analysis ( N U N )  computer  program in the 
Statistical Analysis System (SAS User's Guide, 1979). The 
iterative algorithm used was that proposed by Marquardt 
(21). 

Student 's  unpaired t-test was used for statistical analysis 
and p < 0.05 was chosen as significant level (22). 

RESULTS 

Oral Absorption 

Absorption of PA after gastric gavage was fast with an 
absorption rate constant estimated to be 0.0698 rain - l  
(data not  shown). 

Tissue Distribution 

Tissue distribution of radioactivity after ip and iv admini- 
stration of [14C] PA is shown in Tables I and II, respective- 
ly. In general, organs such as liver, kidneys, heart, lungs and 
spleen contained higher levels of radioactivity than tissues 
such as brain, muscle and fat. While liver and kidneys con- 
tained the highest concentration of  tissue radioactivity and 
the highest percentage of  dose after either ip and iv admini- 
stration, the percentage of dose recovered in the liver at 1 
and 24 hr was significantly higher after ip than after iv 
administration of  [14C] PA. However, a significantly higher 
concentration of radioactivity in the lungs and in the heart 
was observed after iv than after ip administration. The 
concentration of  radioactivity in the kidneys after both ip 
and iv administration of [14C] PA was similar. 

After ip administration of [14C}PA, ca. 0.4, 0.44 and 
10% of the dose were recovered in the urinary bladder, 
gallbladder and duodenum, respectively, as early as 10 min 
(data not  shown). By 30 rain, 40% of the dose was recov- 
ered in the GI tract and 11% in the urinary bladder (Table 
I). Over 45% of the dose was recovered in the urinary 
bladder in 2 hr (data not shown). A higher concentrat ion of 
radioactivity was recovered from the small intestine, par- 
ticularly in the duodenum, than from other port ion of  the 
GI tract (Tables I and II). 

The subcellular distribution of radioactivity in the kid- 
neys and liver after administration of [i4c] PA is shown in 

TABLE HI 

Subcellular Distribution of  Radioactivi W after ip Administration 
of [s4C] Penicillic Acid in the Liver and Kidney 

Recovered radioactivity (%)b 
Fraction a Liver Kidney 

Nuclear and debris 8 .12 + 0.7 8 .23 + 0.81 
Mitochondrial 1.08 • 0.6 2.08 + 0.94 
Mierosomal 6.31 • 0.21 3.35 • 0.95 
Cytosol 84.5 +-0.83 85.6 • 1.98 

aAnimals were sacrificed 20 min after the administration of peni- 
cillic acid (90 mg/kg, ip) containing 1 ~Ci of [l+CI penicillic acid. 
Fractions were prepared by differential centrifugation. 

beach value represents the X + SE of at least 3 animals. Recov- 
ery of radioactivity after differential centrifugation was 68.9%. 

Table III. Most of  the recovered radioactivity (85%) was in 
the cytosol fraction. 

Excretion 

Ca. 2.5 and 0.35% of  the administered dose were excreted 
in the feces and CO2, respectively, in 24 hr after ip admini- 
stration of [14C] PA (90 mg/kg) (Table I). Ca. 12% of the 
iv-administered dose was excreted in the bile by 10 min and 
25% by 1 hr (Fig. 1). The biliary excretion of [1+C] PA was 
decreased by DEM pretreatment .  Radioactivity.. was rapidly 
excreted in the urine after administration of [I4C] PA. Over 
60% of an ip dose and ca. 90% of  an iv dose (90 mg/kg) 
were excreted in the urine (data not  shown). 

Kinetic Analysis 

Kinetic analysis of plasma PA concentration (data not  
shown) showed that  different pharmacokinetic models were 

35 

a ~  

~ T 
-+ , !L 
~ + I 1 

20 / 
W , J  + > ~ , 
~< / / t l  - ,, DEM pretreated T 

u T 

10 F ,.. T/~ i - 

Ib 2b 3b 4o ~o eb 
TIMElminl 

FIG. 1. Radioactivity excreted in the bile of mice mated with 
penic;llic acid (PA) (90 mg/kg, iv), (a); and mice pretreated with 
diethylmaleate (DEM) and then treated with PA (90 mg/kg, iv): 
(*). Ca. 0.5 /~Ci of [~4C] PA was administered to each animal. Each 
point represents X + SE of 3 mice. 
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TABLE I V  

Recovery of  Total  Radioactivity in Different  Extract ion Sys tems  f rom Urine and  Bile 
of  Mice Treated with [14C] Penicillic Acid (PA) 

Extract ion Recovery (%)a 
sys tems  Solvent phase Urine Bile 

I. pH = 5.0 Aqueous  90.30 • 0 .64 99.10 • 0.09 
Ethylacetate  9.70 • 0.24 0.91 + 0.03 

!1. pH -- 5.0 Aqueous  98.00 + 0.42 ND b 
CHCI 3 1.97 + 0.55 ND 

III. pH ~ 8.0 Aqueous  99.80 • 0.16 ND 
CHCI 3 O.91 • 0.01 ND 

IV. pH = 5.0 Aqueous  93.50 + 0.76 ND 
Ether /e thanol  (3:1) 4.37 • 0.37 ND 
CHCI 3 2.30 + 0.85 ND 

aEach value represents  the  X • SE of  at least 3 animals. Urine was collected for 24 hr  
f rom mice treated with PA (90 mg/kg,  ip % 0.5 ~aCi [a4C] PAL and bile was collected for 1 
hr f rom mice treated with PA (90 mg/kg, iv, 0.5 ~tCi [a4C] PA). 

bND = None detected.  

needed to fit the data after oral, ip, or iv administration of 
PA. One-, 2- and 3-compartment models better described 
the plasma concentration vs time after oral, ip, and iv ad- 
ministration of PA according to the following equations: 

Cp - B (e-0t - e-kat) [II 
Cp -- Ae ~ t  + Be'0t -- Ce-kat [II] 
Cp = Pe "nt + Ae ~ t  + Be'0t, [III] 

where. Cp = plasma PA concentration, ka = first order ab- 
sorpuon rate constant, /3 -- overall constant, ~, n = hybrid 
rate constant, A, B, C, P = concentration constants. 

Metabolism 

T h e . r e c o v e r y  o f  t o t a l  r a d i o a c t i v i t y  by  t h e  d i f f e r e n t  e x t r a c -  
t i on  s y s t e m s  f r o m  u r i n e  a n d  bi le  f r o m  m i c e  t r e a t e d  w i t h  
[14C] P A  are  l i s t ed  in T a b l e  IV.  O v e r  90% o f  t h e  P A  m e t a b -  

TABLE V 

Glucuronides  Derived f rom [14C] Penicillic Acid (PA) 
in the  Urine of  Mice Treated with PA 

Time b Glucuronides a 
(hr) (% of  urine total radioactivity) 

8 16 .1  + 3.0 
16 7.8 • 6.5 
24 10.23 • 3.53 
48 0 
72 0 
96 0 

aEach value represents  the  X + SE of  at least 3 animals. 
bTime after the  administrat ion of  PA (90 mg/kg, ip) containing 

ca. 0.5 #Ci of  [t4C] PA. 

A 

I~ 
8 ,L 

3 B 

A 

A 

1 2 3 4 5 6 

- 4  

B 

r m E ( m m l  

- 6  

B 

FIG. 2. HPLC chromatogram tracings and radioactivity profiles o f  co lumn eluates of  the  
aqueous  ex t rac ts  of  bile f rom mice treated with [t4C] penicillic acid (PA) using HPLC sys- 
t ems  containing methanol ,  water  and 0.5% acetic acid (Ac). The aqueous  extracts  were 
obtained after  the  bile was exuracted wi th  ethyl  acetate,  panel 1, 2: f rom mice treated with 
[14C] cysteine only;  panels 3, 4z f rom mice treated with [t4C] c~steine and then with un-  
labeled PA (90 mg/kg,  ip); panels 5, 6: f rom mice treated with [14C] PA (90 mg/kg,  iv%0.5 
#Ci). HPLC system~ M e t hano l / H20 /Ac  (0.5%) = 13.87:0.3,  flow rate = 1.2 mL/min .  The  
co lumn eluate was collected at 10-sec iotervals. 
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olite(s) in urine and 99% in bile could not be extracted 
with polar organic solvents. 

No sulfate conjugates of PA were detected in the urine. 
However, 16, 7 and 10% of the metabolites detected in the 
urine at 8, 16 and 24 hr after administration of PA (90 rag/ 
kg, ip) were glucuronide conjugates, respectively (Table V). 

The HPLC chromatographic tracings and radioactivity 
profiles of column eluate of aqueous extracts of bile and 
urine from mice treated with [14C] PA or [14C] cysteine are 
shown in Figures 2 and 3, respectively. The retention of PA 
in this system was 830 sec. At least 3 PA metabolites 
derived from cysteine or GSH were found in the aqueous 
extract of bile (obtained after the bile was extracted with 
ethyl acetate) (Fig. 2). Radioactivity peaks (A, B and D), 
corresponding to metabolites in the bile from mice treated 
with [t4C] cysteine and then with unlabeled PA, had iden- 
tical retention times as radioactivity peaks corresponding to 
metabolites in the bile from mice treated only with [ta-c]- 
PA (Fig. 2, panels 4 and 6). These radioactivity peaks, 
however, are different from radioactivity peaks from mice 
treated only with [taC] cysteine (Fig. 2, panel 2), indicating 
that the radioactivity peaks shown in panel 2 were unre- 
lated to PA. These metabolites also could be identified in 
the HPLC chromatogram tracings (Fig. 2j panels 3 and 5). 
At least 2 metabolites (peaks B' and D'), nonextractable 
with ethyl acetate, were noted in the HPLC chromatogram 
tracings and at least 3 radioactivity peaks were detected 
in the aqueous extract of urine from mice treated with 
[t4C]cysteine and then with unlabeled PA (Fig. 2, panels 
3 and 4). The chromatogram tracing and radioactivity peaks 
were identical to metabolic profiles of urine collected from 
mice treated only with [14C] PA (Fig. 3, panels 5 and 6), 
but different from those peaks from mice treated only with 
[14C] cysteine (Fig. 3, panels 1 and 2), indicating that the 
radioactivity peaks shown in panel 2 were unrelated to PA. 

D I S C U S S I O N  

The different kinetic patterns of PA after different routes 

of administration are important in the understanding.of its 
mechanism of toxicity. PA was most toxic by ip administra- 
tion (90 mg/kg), followed by iv (250 mg/kg) and oral 
routes (600 mg/kg) of administration (13,23). If toxic 
metabolites are produced in the liver, the hepatic first pass 
effect after ip administration may be attributed to the ip 
route being the most toxic. Dilution of PA in an additional 
compartment besides the liver may explain the reduced 
toxicity following iv administration. The one compartment 
model for the oral route may be the result of an artifact of 
slow adsorption from the GI tract and/or interaction be- 
tween PA and intestinal contents, thus explaining the least 
toxicity of PA by this route. 

Hepatic metabolism of PA was supported by the fact 
that more than 25% of an administered dose was excreted 
in the bile inl hr and most of the radioactivity in the bile 
was in the form of polar metabolites. The depression of 
biliary excretion of PA in DEM-pretreated animals suggests 
that GSH may be a limiting factor in the metabolism of 
PA. 

Urinary excretion of PA was rapid with only a trace of 
the radioactivity in the urine being authentic PA. Most of 
the urinary radioactivity could be attributed to polar 
metabolites. Separation of these metabolites in the aqueous 
extracts of bile and urine was extremely difficult. However, 
at least 3 PA metabolites in bile and 3 metabolites in the 
urine could be separated. These metabolite(s) were GSH or 
cysteine derivatives. A possible candidate for a urinary 
metabolite is the N-acetyl derivatives of the cysteine con- 
jugates occurring in the bile. Our earlier proposed 2-GSH- 
dependent detoxification pathway (14) was substantiated 
by the isolation of different GSH or cysteine derivatives. 
These GSH-dependent pathways were further supported 
by the fact that most of the radioactivity in the liver was 
located in the cytosol fraction where GSH is found in great- 
est quantity. A glucuronide conjugate of PA also was a 
major urinary metabolite. 

Based on these data, a metabolic pathway for PA was 
proposed (Fig. 4) which includes hepatic bioactivation, 
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FIG. 3. HPLC chromatogram tracings and radioactivity prof'des of column eluates of the 
aqueous extracts of urine from mice treated with [14C] penicillic acid (PA) using HPLC sys- 
tem containing methanol, water and 0.5% acetic acid (Ac). The aqueous extracts were ob- 
tained after the urine was extracted with ethyl acetate. Panel 1, 2: from mice treated with 
[14C] cysteine only; panels 3, 4: from mice treated with [14C] cysteine and then with PA (90 
mg/kg, ip). Panels 5, 6: from mice treated with [14C]PA (90 mg/kg, ivY0.5 /~Ci). HPLC 
system: Methanol/H20/Ac (0.5%) = 13.87:0.3, flow rate = 1.2 mL/min. The column eluate 
was collected at 10-sec intervals. 
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FIG. 4. Proposed metabolic pathways of penlcillic acid. GSH = 
reduced glutathione; GA = glucuronic acid. 

GSH conjugat ion  (both nonenzymat ica] ly  or  via the en- 
zymat ic  bioact ivat ion) ,  fo rma t ion  of  mercaptur ic  acid and 
g lucuronida t ion .  GSH is the major  l imit ing fac to r  in the 
toxic i ty ,  metabol i sm and excre t ion  o f  PA. 
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