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Abstract..--Various factors known to alter hepatic drug metabolism were examined for their effects 
on drug metabolism in certain extrahepatic organs, viz. lung and kidney. The prominent sex-related 
differences in drug metabolism in rat liver were not seen in either lung or kidney. Pretreatment of 
rats with phenobarbital produced the expected large increases in hepatic NADPH cytochrome c reduc- 
tase. cytochrome P-450. aminopyrine demethylase and biphenyl hydmxyiase activities without coneomi- 
tant changes in any of these parameters in lung, and only scattered and smaller changes in kidney. 
3-Methylcholanthrene (j-MC) pretreatment significantly increased cytochrome P-450 levels in all three 
organs. Pretreatment of rats with carbon tetrachloride (Ccl,) produced consistent inhibition of mixed- 
function oxidation in hepatic microsomes, but the extrahepatic effects were less predictable and were 
both organ- and enzyme-specific. An increase in renal UDP-glucuronyltransferase activity was observed 
after CCL, treatment that paralleled a similar but larger increase observed in liver. Extrahepatic 
NADPH cytochrome c reductase and N-methyl-p-chloroaniline demethylase values were unaffected 
by CCl,+. Lung and kidney responded in a like manner to liver to the additions in citro of P-diethyl- 
aminoethyl diphenylpropylacetate (SKF-525A). Losses in enzyme activities in lung and kidney micro- 
somes roughly paralleled those of liver when stored as pellets for up to 14 days at -70’. Two or 
4 days of starvation produced substrate-specific changes in enzyme-specific activity in liver and kidney. 
with lung appearing resistant to the effect. When enzyme activity was expressed on a whole organ 
basis. however, lung cytochrome P-450 values decreased significantly and parameters from liver and 
kidney increased or decreased in a substrate-specific manner. It is concluded that some physiological 
and pharmacological factors that influence hepatic drug metabolism produce similar effects in lung 
and kidney. while other factors produce organ-specific effects. 

Much interest has been recently demonstrated in 
extrahepatic drug metabolism. Our group has com- 
pared mixed-function oxidation and conjugation of 
xenobiotics in lung and liver [I. 21 and has described 
the microsomal drug-metabolizing capabilities of 
lung, liver and kidney from a number of common 
laboratory species[3,4]. Similar work has been car- 
ried out by other groups using lung or kidney, or 
other organs, such as intestine, adrenal or placenta. 
In addition, numerous investigators have studied the 
effects of various xenobiotics on drug metabolism in 
extrahepatic systems. Thus, Reid et ul. [S] have exam- 
ined the effect of bromobenzene on lung microsomal 
drug metabolism. and Zampaglione and Manner- 
ing [6] have examined the effect of a number of 
potential inducers or inhibitors of microsomal drug 
metabolism in adrenals and intestinal mucosa. The 
data that have accumulated on extrahepatic drug 
metabolism from these studies are fragmentary and 
present no concise and comprehensive picture of the 
comparability of extrahepatic and hepatic drug meta- 
bolism to exogenous influences. In a continuing 
attempt to arrive at a more thorough understanding 
of the biological control mechanisms active in the 
extrahepatic tissues, we have therefore studied the re- 
sponse of lung and kidney microsomal enzymes to 
some factors that have a well-documented effect on 
Iiver microsomal drug metabolism [7]. 

METHODS 

General dlrsigtz 

Adult male and female Sprague-Dawley-derived 
rats (176230g) or New Zealand rabbits (2 to 2.5 kg) 
were used throughout. Rabbits were housed two/cage 
on wire mesh floors and rats were housed four!cage 
on hardwood bedding chips in clear plastic cages. All 
animals were allowed food and water ad iih. except 
where specifically noted. Experiments were conducted 
on tissue pools from two rabbits or four rats and 
repeated a minimum of four times; data were 
exprcsscd as the mean f S.D. A two-tailed Student’s 
r-test was used to distinguish significant differences 
between treated and control groups, except where it 
was appropriate to use a Dunnett’s test for statistical 
analysis [g]. 

Exprrinientul design 

Sex differences. Possible sex differences in extrahe- 
patic drug metabolism were investigated using adult 
male and female Sprague-Dawley rats. 

SfLrrtjution. In experiments designed to determine 
the effect of starvation on drug metabolism, control 
(non-starved) animals were sacrificed for the prep- 
aration of microsomes on the morning of day 0 (con- 
trol group 1). Remaining animals were either fed ad 
lib. (control groups 2 and 3) or starved for 48 or 96 hr. 
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and microsomal cnr.ymc acti\jitics wcrc dctcrmined 
simultaneously on fed and starved animals. Since no 
dift‘crcnccs were found between control groups 1. 2 
and 3. onI4 the day 0 control data are presented for 
hrcvity (see Tables 2 and 3). Similar dual controls 
wcrc run in the carbon tetrachloridc experiments de- 
scribed bctow with similar results (see Table 4). 

S/or’tqc~. The crcccct of storage on microsomat drug 
metabolism was determined using microsomes from 
rat5 and rabbits. Microsomcs wcrc prepared as de- 

scribed below and either analyzed irnrnedj~~te~~ upon 
resuspension (da! 0) or were overlaid with 1. I S’,, KC1 
containinp 0.05 M Tris~ HCI (pH 7.4) and frozen al 
--. 70 until analysis. On the day of the assay. pellets 
were thawed on ice prior to being resuspended as 
&c&cd below. 

C‘cwfwr~ fr’tr.cJc’/l[otirli,. Carbon tctrachloride (CCII) 
NTIS examined for its effect on drug nle~bolisnl by 
injecting rats i.p. with !.Sml/kg of Ccl, as :I 35”,, 

(v:v) solution in corn oil. Control animals were in- 
,jected with corn oil only. At various times after injcc- 
tion with CCI,. animals were killed and analyzed as 

dc\cribcd h&j\+, 
Idwm cm/ it~l~ihirors. Rats were injected once 

daily for 4 days with ~Orng~kg of Na phenobarbital 
in physiological saline or once daily for 3 days with 
3 mg kg of J-rncth!Icholanthrenc (j-MC) dissolved 
in corn oil. Control animals received equivalent 
volumes of the sol\,cnts only. All in.jcctions were made 
i.p. Twcntq-lbur hr after the final dose. animals wcrc 
killed and cnzymc activities determined. The response 
of lilic~-~~s~~n~~il cn~~mcs to the addition irk r;iiz) ot 
ji-dlcljl4laminc,ethq I iiipl~cnyipropylacetatc (SKF- 
52514) was studicd utilirinp microsomes from un- 
treated rabbits. 

Animals wcrc killed by cervical dislocation. and 
liver. lungs and kidneys were promptly removed and 
chilled in ice. The tissue was carefully trimmed imd 
minced into small pieces with scissors and then hom- 
ogeni;lcd in 3 vol. of cold 0.15 M sucrose containing 
SO mM Tris- HCI (pH 7.4) in a Potter-type glass hom- 
ogenizcr with ;I motor-driven Teflon pestle. The 
~~~~lnogcti~l~c was centrifuged for 20 min at 9.000 .~f. 
after which the supernatant was centrifuged for ml 

additional 60 min at 105,000 $1. The supernatant was 
aspirated and discarded and the microsomal pellet 
ruxpendcd in I ,I S”,, KCI containing 0.05 M Tris I-ICI 

(pH 7.4). Protein content was determmcd 17~ the 
method of Lowry rl (II. [9] and the microsomcs wcrc‘ 
diluted with KCI Tris to contain 3 mg protein ml. 

All enzyme assays have been dcscribcd in detail 
else%-here [.3], Brietly. ~ni~~d-f~~~l~ti~~~l oxidxc aclivik! 
was cstimatud by aerobically incuhaGng substratc~ 
[biphenyl. 15 mM; aminopyrinc. 15 mM : N-mct11~l-p- 
chloroaniline (NMPCA). 5 mM] with microsonic> 
(1 mg protcin!‘ml. final), Tris~ Hc‘i bulfcr (l(N) mM. pf I 
7.4) and an NADPH-generating sjstcm at saturating 
concentr~~tiol~s for 15 min. UUP-glucuIon~ltr;itisl~r- 
ase activity utilizing ~-n~trophc~~ol (PN P) as substrarc 
(1 mM) was determined in fhc prcscncc of saturating 
concentrations of IIDPGA. Standard methods \z cl-c 
then used to detect the products formed L.:]. C‘!to- 
chrome P-450 icvets were dctcrmincd bv the method 
of Omura and !&lo [IO] by its dithin&c diffcrcucc 
spectrum, and NADPH cytochromc c rcductasc n;t\ 

detcrl~iincd as described bc Williams and Kamin 1 I I j. 
and modified by Gigon (‘r trl. [ 121, 

KE:SI I.TS 

In rat liver. the expected sigiii~c~lti~ sex-rclatcd dif- 
ferences wcrc noted in ~Iminopyrinc N-dcmcthylasc 
and in cytochrome P-450 levels (Table I). No corrc- 
spending differences were noted in lung or kidnq 
for these parameters (Table I ), Similar observations 
(data not presented) were made with rabbit lung and 
kidney. 

Table 2 shows the response of hepatic and cxtrahe- 
patic drug-metabolizing enrymes to 7 or 3 days 01 

starvation. The lung appcurs to be resistant ttr 
changes induced by starvation. while kidney and tic.cI 
show only isolated and bidirectionnl chanpcs in drug 
met~tbolism. The liver shows the cxpectcd minor 
changes in specific activity that have previously been 
shown by others [ 13. 141. Table 3 shows that. when 
the data are expressed on a whole organ basis, the 
changes in the activity of different enrymc pathways 
arc more marked than was the case when data Rcrc 
expressed relative to microsomai protein (Tahie 2). 
In addition. si~tli~c~lnt changes arc ohscrvcd in Iunp. 
where cytochrome P-450 decreases sipniticantly afta 

only 2 days of starvation. It is interesting to note 
that when data are normalbcd in this M;I). (ho con- 

tent of cytochromc P-450 and the activity of biphcn>l 
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Table 2. Effect of starvation on hepatic and extrahepatic microsomal drug metabolism in rats* 
I- 

Days starved 

0 2 4 
- 

Cytochrome P-450 (bO.D./mg protein) 
Liver 0.077 & 0.012 0.0X6 -i_ O.o@? 0.076 + 0.019 
LLlng 0,009 k O.otIl 0.00x 5 0.003 0.009 + 0.001 
Kidncv 0.013 * 0.002 0.014 + O.cil5 0.030 + 0.005t 

N.ADPli c cytochrome reductase 
Liver 101 i_ 29 112 + 11 100 k 20 
Lung 36 k 6 42 * 3 37 ri_ 7 
Kidncv 26 + 6 27 2 ‘4 + 1 

Biphenyi-4-hydrnxylase 
) 

Liver 0.83 i: 0.12 1.43 & O.)SI 1 .Oh * o.oxi 
Lung 0.07 + 0.01 0. I II & 0.04 0.06 * 0.02 
Kidney 0.03 + 0.01 0.06 ) 0.01 (1.07 i_ 0.0 I t 

Aminopyrine N-demethylase 
Liver 5.32 2 1.11 7.22 _t 0.8Oi 7.05 i: 1.17 
Lung 0.21 & 0.18 0.27 + 0.75 0.33 * 0.16 
Kidney 0.35 & O.iS 0.36 If: 0.10 0.64 4 0.29 

UDP-glucurony~l transferase (PNP) 
Liver 3.56 rt 086 2x1 * 0.44 2.37 + 0.8X 
Lung 1.65 rf: 0.38 1.28 f 0.39 1.29 * 0.43 
Kidney 2.72 -i_ 0.81 1.32 * 0.36+ I.5 1 _+ 0.40 

Mi~ros~)m~~l protein (mgjg) 
Li vet 36.2 r_ 5.3 2X.9 * 3.3 32.9 * 5.9 
Lung Il.1 * 2.1 9.1 * 1.X 9.7 & 7.9 
Kidney 22.4 * 2.0 22.7 I 1.5 34.9 + 3.5 _ 

“-- 

* Enzyme activities are expressed as nmoles product formed!mg of microsomal protcinimin. Values are the mean 
i S. D.: N = 4. 

t Values at day 3 or 4 significantly different from day 0 at P < 0.05. 

Table 3. Effect of starvation on microsomal drug metabolism in lung. liver and kidney of rats* 

Days starved 

0 2 4 

Organ weights 
Body 
Liver 
Lung 
Kidney 

C’ytochromc P-450 (~O.D.~or~~n) 
Liver 
Lung 
Kidney 

NADPH cytochrome c reductase 
Liver 
Lm1g 
Kidney 

Biphenyl-4-hydroxylase 
Liver 
Lung 
Kidney 

An~inopyrin~ .~-demethylase 
Liver 
Lung 
Kidney 

UDP-glucuronyltransferase (PNP) 
Liver 
Llmg 
Kidney 

207 * 55 181 + S8 
9.20 k 2.41 4.39 j 18s 
1.16 1_ 0.32 1.15 t 0.20 
1.59 i: 0.26 1.45 i 0.63 

25,241 i 3,934.0 15.8X4.0 * 1.66201 
116 i_ 13 84 * 13.). 
463 + 71 461 i: 164 

33.108.0 rt 9,506 20.686.0 * 2,032f 
464_+77 439 * 42 
926 * 214 888 + 66 

272 * 38 264 + 78 
0.90 i: 0.13 1.05 + 0.41 
1.07 4 0.35 1.97 + 0.33t 

1,744 & 364 1,333 5 129 
2.71 f 2.32 1 
12.5 * 5.3 Il.8 * 3.3 

1.167 $: 282 519 i: Xl? 
21.3 i 4.9 13.4 & 4.1 
96.X -I_ 25.3 43.4 F_ 11.8t 

*All enzyme activities are expressed as nmoles product~whole or~n~rn~n. Values are the mean f SD.: N = 1. 
t Values at dayi 2 or 4 signj~~antly different from day 0 at P < 0.05. 
1 Not measured. 
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Table 5. Effect of pretreatment of rabbits with phenobarbital or 3methylcholanthrene (3-MC) on bepatic and extrahcpatrc 
microsomal drug metabolism 

Biphenyl-4-hydroxylase 
Control 
Phenob~~rbit~~l 
3-MC 

NMPC‘A ,Y-dcmethylase 
Control 
Phcnobarbitnl 
3-MC 

UDP-glucuronyltransferase (PNP) 
Control 
Phenobarbital 
.I-MC 

NADPH cytochrome c reductase 
C’ontrol 
Plleno~~rbit~il 
3-MC 

Cytochromc P-450 (AO.D./mg protein) 
Control 
Phenobarbital 
3-MC 

Microsomal protein (mg!g) 
Control 
Phenobarbit~ll 
J-MC 

LlWX 

I.06 I 0.68 
2.97 + 0.73 
0.90 * 0.08 

4.05 I 0.28 
Y.44 + 0.431 

f 

7.11 * 3.00 
5.20 i_ 0.84 
7.39 * 2.95 

133 + 25.8 
194 i: 37.41 
131 * 17.3 

0. I28 * 0.0’2 
0.32 + 0.028~ 
0.224 I O.Q34$ - 

37.7 + 6.2 
43.0 i_ 7.3 
78.1 * 5.5 

Llmg 

1.07 f 0.50 
1.28 + 1.11 
I .O4 i_ 0.35 

2.62 i 0.55 
2.89 * 0.20 

: 

0.12 i_ 0.28 
0.00 * 0.00 
0.33 * 0.27 

55.8 * 14.3 
96.9 * 4.9 
I IO * 9.4+ 

0.021 * 0.001 
0.0’2 + 0.006 
0.027 + 0.004+ 

661 -i_ 0.86 
6.13 * 2.70 
5.08 * 0.53 

Krdney 
__^_ 

0.1 I * 0.05 
0.23 + ii.03 
0.17 i_ 0.10 

0.69 f 0.47 
1.43 + l).hh 

I- 

2.40 & 0.95 
2.x3 + 1.09 
.3.05 * 0.~0 

- “9 . 3 + 3.0 _ 
11.6 f IO.8 
:0.x + 3.0 

().()I3 f 0.007 
0.030 O.O(W 

+ 0.025 Ifr ().004l- 

15.1 + :.; 
1 x.4 + .3.f 
15.0 * I.4 

* Enzyme activities are expressed as nmoles product formed,:mg of protein.:min. Values represent mean i S. D.: Ic = 4. 
i Values significantly different from control at P < 0.05. Student’s r-test was used to compute the signihcancc of 

differences between j-MC-treated vs corn oil-treated and between saline-treated vs phenobarbital-treated rata. (P< 0.05). 
“Control” refers to the combined corn oil and saline data. which were found not to differ statistically. 

: Not measured. 

hydroxylase in kidney actually increase significantly 
after fasting, while in the liver these parameters either 
decrease or show no change. 

cc/, 

Alterations produced by Ccl, administration on 
mixed-function oxidases were complex and varied 
from organ to organ. For example. on the one hand. 
CCI, administmtion significantly reduced biphenyl 
hydroxylase activities in liver, lung and kidney (Table 
4). On the other hand, CCI, si~i~cantly reduced 
NADPH cytochrome c reductase activity in liver 
without influencing this activity in lung or kidney. 

Levels of cytochronte P-450 in liver and lung were 
reduced by CCI, administr~~tion but kidncv Icveis 
were unaffected. Demetllylation of NMP?A was 
reduced in liver but unaltered in lung and kidney. 
Thus, the enzyme activsitirs were consistently reduced 
in hepatic microsomes from C&,-treated animals, but 
the extrahepatic response was far less predictable and 
was both organ- and enzyme-specific (Table 3). 
Finally, it is of interest that hepatic UDP-glucuronyl- 
transfcrase activity r WIS markedly stimulated 
(> J-fold) hy CCl, pretr~atlnent (Table 4). A similar 
but less significant trend was observed in kidney. 
although the pulmonary system was unresponsive. 

Table 6. Ellect of SKF-525A on drug oxidation by microsomes from rabbrt lung. liver and kidney* 
- 

SKF-525A 
Substrate concn (mM) Liver Lung Kidney 

- 

Biphen~l 0 0.62 * 0.07 0.74 * 0.04 0.1 1 * 0.0~ 
0.0 I 0.47 * 0.06 0.70 * 0.09 0.1 I * 0.02 
0. I 0.31 * 0.05t !).39 + 0.041 0.0: + 0.02 
I 0.14 * O.O? 0.03 * 0.0 If 0.07 * 0.01 t 

Aminopyrine 0 7.26 & 1.08 1.64 i 0.39 0.5 1 * 0.03 
0.01 h.29 * 0.89 1.45 + 0.30 0.31 + 0.13f 
0. I 5.88 + 0.93 0.7u * 0. I xi 0.27 * 0. I -It 
1 7.91 * 0.7o”r 0. I2 * 0.09t 0.1 1 & 0. I2f 

Ethylmorphine 0 2.56 f 0.43 0.44 * 0.09 0.0x * 0.00 
0.(-l I 2.64 + 0.6X 0.22 * 0.09 0.1 Y * 0.14 
0. I 1.49 2 0.33 0.19 + 0.1 1 t 0.07 * 0.10 
1 1.26 t 0.17: 0.03 - * 0.045 0.09 * 0. I 1 

* Enzyme activities are expressed as nmoles product formed. mg of proteinmin. Values represent mean + S. D.: N = 3. 
+ Values signiticantly different from control at P < 0.05. 
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in the spccitic activity of IJDP-glucuronyltransferase 
particularly in liver but to a lesser extent in kidney 
(SW Table 3). One might suspect that this represents 
an activation of UDP-glucllronyltransferase rather 
than induction of synthesis of enzyme protein. Sup- 
port for this sug_pcstkm can be found in the ease with 
which UDP-glucuronyltransfcrasc is known to bc 
activated 1971 by ;I wricty of solvents. dctcrgcnts and 
other compounds and the rcccnt findings of Aitio [?8] 
and Otani ct rrl. [??I]. who demonstrated that CCI, 
produced a11 activation of hcpatic UDP-glucuronyl- 
transferasc activity. 

The induction of mixed-function oxidase activity in 
extrahepatic organs has previously been demon- 
strated [XI 331. but most work has dealt with either 
the induction of aryl hydrocarbon h!droxylase or 
with induction by polvcvclic aromatic hydrocarbon _ _ 
administration [2X. 30. 321. Some work. however. has 
been done with phenobarbital and other drugs. and 
most of thcsc studies suggest that the activity of extra- 
hepatic cnrymes inay be relativclq refractory to induc- 
tion bv drug treatment [3 I. 33. 341. Data proscnted in 
Table 5 show mixed-fun&on ouidascs in the lung and 
kidnq 10 be relatively resistant to induction. and to 
dilrcr in substrate spcclficity and responsiveness to in- 
ducing agents. It can bc seen that the lung cyto- 
chrome P-450 is responsive to 3-MC treatment but 
not to phenobarbital, although phenobarbital did 
provide significant increases in scvcral hepatic par- 
ametcrs. The kidnq. on the other hand. responds to 
both j-MC‘ and phenobarbital. as does the liver? but 
to diKerent degrees. Mixed-function oxidases from all 
three tissues responded similarly to the addition irk 
r.if,o of SKF-535A. a known inhibitor of microsomal 
drug metabolism (SW Table 6). 

The present study has shoMn that drug metabolism 
in the lunp and kidney responds in ;I parameter-speci- 
fic manner to factors that produce consistent and sig- 
nificant erects on hepatic drug metabolism. Because 
the liver also often responds in ;I substrate-specific 
manner to c~ogenous stimuli. this suggests that the 
non-uniform responsiveness of the mixed-function 
oxidase system in the three organs may be rcla~ed 
to separate control mechanisms. It should bc recalled 
that both the lung and kidney. in addition to the 
paramctcr specificity of their responses. responded in 
an inconsistent manner relatibc to the liver response 
to the various factors examined in this work. This 
lack of general similarity in rcsponsivcncss suggests 
that drug mctnbolism in each organ may be under 
individual control and not interrelated. 
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