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A B S T R A C T  

Chlorotrifluoroethylene Nephrotoxicity in Rats: A Sub- 
acute Study. Buckley, L.A., Clayton, J.W., Nagle, R.B. and 
Gandolfi, A.J. (1982). Fundam. AppL ToxicoL 2:i81-186. 
Male Fischer-344 rats were exposed via inhalation to a 
sublethal concentration (395 ppm 4- 33 ppm; 1882 mg/m a) of  
the nephrotoxin chlorotrifluoroethylene (CTFE) for 4 h per 
day for 5 consecutive days. Within 1 day after the first 
exposure, rats exhibited diuresis, increased water intake, 
decreased urine osmolality, increased urinary lactic dehy- 
drogenase activity and increased plasma creatinine and urea 
nitrogen. When animals were exposed repeatedly, values for 
these parameters declined or returned to control levels dur- 
ing the exposure sequence in a manner comparable to rats 
receiving the single exposure. By the ~hird day post expo- 
sure, coagulative necrosis involving primarily the pars recta, 
but extending to the pars convoluta, of the proximal tubule 
was present. Regeneration was apparent by the third day of 
exposure, and additional necrosis was minimal despite 
further exposures. Daily levels of urinary inorganic fluoride, 
an index of CTFE metabolism, were increased to 3-6 
/~moles/24 h/rat  during the exposure sequence which coin- 
cided with a brief elevation in serum fluoride at the end of 
each exposure. Adaptation to CTFE is evident either 
through changes in the metabolism or disposition of  CTFE 
or from a 'refractive property of the regenerating tissue 
to CTFE. 

objective of the present study was to characterize, in greater 
detail, the renal toxicity of CTFE in rats after repeated exposure 
to CTFE. wi th special emphasis on the time course of the injury 
and recovery in the kidney. 

M E T H O D S  

A n i m a l s  
Male Fischer-344 rats (Microbiological Assocs., Walkersfield, 

MD) weighing from 150-200 g were randomly paired and 
housed in stainless steel metabolism cages, Animals were 
al lowed at least five days to adapt to their surroundings and 
had free access to food (Wayne Lab Blox) and tap water. 

Chemica ls  
Compressed CTFE and certified standards of CTFE in air 

were obtained from Matheson (Cucamonga, CA). Purity was 
determined by gas chromatography/mass spectometry as 
previously described (Potter et al., 1981 ). The CTFE was 99% 
pure and the certified CTFE standards were 95% pure. Impuri- 
ties were not conclusively identified but were thought to be 
highly f luorinated analogues of the parent compound. Al l  
other chemicals and biochemicals used were of reagent grade 
or better. 

I N T R O D U C T I O N  

Chlorotrif luoroethylene (CTFE) is a gaseous fluoroalkene 
used in the production of fluoropolymers. In rats, the primary 
toxicity elicited at low to moderate concentrations of CTFE is 
nephrotoxicity (Clayton, 1977). Recently, Potter et aL (1981} 
have described several functional and morphological changes 
in the kidneys of male Fischer-344 rats after 4-h acute inhala- 
tion exposures to CTFE (100-540 ppm). In those studies, 
regeneration of the renal proximal tubules was reported 
wi th in  four days post exposure. In long-term inhalation 
studies with rats exposed repeatedly to 15-150 ppm of CTFE, 
rats developed degenerative changes in the renal tubules 
(Clayton, 1977). 

Evaluation of the nephrotoxic effects elicited by repeated 
exposure to CTFE is important because, as an industrial chem- 
ical, there is a potential for chronic human exposure. The 
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in Toxicology by L.A.B. 
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TABLE 1 
Kidney Weight/Body Weight Ratios 

of Rats Following Repeated 4-h 
Exposures to 395 ppm CTFE a 

Number of Days Kidney Weight" ~< 10 ac 
of Exposure Body Weight 

5 9.2 +1.0 (8) u 
4 10.8 4- 1.5 (4) ° 
3 8.6 4- 0.6 (6) D 

2 7.9 4- 0.6 (,t) D 

1 8.1 4- 0.9 (o) '~ 

Control 6.8 4- 0.5 (12) 

AAI[ animals sacrificed I day after last exposure. 
BBoth kidneys. 
CValues are means plus or minus standard deviations 
and numbers in parentheses indicate number of ani- 
mals per group~ 

DSignificant}y different from control at the 0.05% confi- 
dence level or below. 

Copyright 1982, Society o[ Toxicology 
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E x p o s u r e  sys tem 
The 180 L exposure chamber was constructed from Lucite 

plastic and suppl ied w i th  an overhead fan for mixing and 
circulat ion. Chamber temperature was mainta ined at 25 o ±  2 
°C. Four galvanized steel cage,~, which could contain 6 rats 
each wi thout  overcrowding or condensat ion problems, were 
placed inside the chamber. The air f low rate was approxi- 
mately 8 L/ra in.  CTFE was del ivered directly in the air f low 
stream via a double syringe infusion pump (Harvard Appara- 
tus, Mil l is, M A )  The concentrat ion of the f luoroalkene was 
analyzed every half hour by gas chromatography (Potter et 
aL, 1981). Quant i f icat ion was by peak height comparison of 
the gas chromatogram with that derived from the certif ied 
CTFE standards. 
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FIG. 2. Daily levels of urinary LDH excreted by rats fol lowing 
single and repeated 4-h exposures to 3a5 ppm CTFE. (N=35 
init ial ly, diminishing to a minimum of N=4 or o after serial sacri- 
fices: control = 213 ± 2ol tmits124h/rat, N=104). 

Exposures 
Animals  were exposed to 395 _ 33 ppm (1882 m g / m  :~) CTFE 

for 4 h per day for 5 consecut ive days or for a single exposure. 
After each 4-h exposure, rats were returned to their metabo- 
l ism cages for ur ine col lection and observation. Control ani- 
mals were handled in the same manner  except that they were  
not exposed to CTFE and control data was generated by pool ing 
control animal  data and pre-exposure data. Approximately 8 
an imals  were  sacrif iced 24 h fo l lowing 1, 2, 3, 4 or 5 expo- 
sures. ]n a group designated for serum f luor ide measure-  
ments, rats were sacrif iced O, 2, or 20 h after 1, 2, 3, or 5 

exposures to CTFE. 

Urine analyses 
Twenty- four -hour  urine samples were collected from pairs 

of rats in plastic cups conta in ing minera l  oil to retard evapora- 
t ion and 5 /~g streptomycin and 20/~g' gentamicin to prevent 
bacterial  growth. Pre-exposure samples were obtained in the 
24,h period before the init ial  exposure. 

Urine osmolal i ty  was measured by vapor pressure osmome- 
try (Wescor Vapor Pressure Osmometer, Logan, UT). Levels of 
ur inary inorganic f luor ide were determined by the method 
described by Fry and Taves (1970) using a f luoride specific ion 
electrode. Urinary lactic dehydrogenase activit ies (LDH) were  
analyzed using dialyzed ur ine as previously described (Potter 

et aL, 1981 ). 
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Blood analyses 
Animals were killed by cervical dislocation and blood was 

obtained wi th  a heparinized syringe from the inferior 
vena cava. Samples were certrifuged and the plasma ana- 
lyzed for urea nitrogen and creat in ine 'on a Technicon 
AutoAnalyzer. Serum inorganic fluoride was determined at 
0, 2, and 20 h postexposure using the method described for 
urinary fluoride measurement. 

Histology 
At the time of sacrifice, kidneys from half the animals were 

directly fixed in 10% buffered formalin, The remaining kidneys 
were perfused in vivo with 2% glutaraldehyde in 0.1 M phos- 
phate buffered saline, pH 7.2 (Griffith et aL, 1967). After perfu- 
sion, one kidney was cut longitudinally, the other, sagittally, 
and they were stored in refrigerated 10% buffered formalin. All 
kidneys were dehydrated in graded alcohols, embedded in 
paraffin, and stained with periodic acid Schiff stain (PAS) for 
light microscopic examination. 

Statistics 
Tests of significance of difference between two means were 

calculated using Students's t-test. Probability of 0.05 inferred 

® Contro l  
• Exposed Day 0-4 
,L Exposed Day 0 

a significant change from controls. 
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FIG. 3. Total urinary inorganic fluoride excreted by rats 24 h 
following single and repeated 4-h exposures to 395 ppm CTFE. 
(N=35 initially, diminishing toa minimum of N=4 or 0 after serial 
sacrifices; control N=10Z). 
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FIG. 4. Serum concentrations of inorganic fluoride in rats follow- 
ing single and repeated 4-h exposvres to 305 ppm CTFE. (N=2; 
N=3 for control). 

RESUL TS 

General health 
The general appearance and behavior of the rats was unre- 

markable during the experimental period. However, a few 
CTFE-exposed animals had flecks of what appeared to be dried 
blood around the mouth and nares, which might be due to the 
respiratory tract irr i tation known to be elicited by CTFE 
(Clayton, 1977). Upon sacrifice, all exposed animals, whether 
singly exposed or repeatedly exposed, had increased kidney 
weight /body weight ratios (Table 1 ). 

Urine osmolality and water intake 
After a single exposure to 395 ppm CTFE, rats exhibited 

increased water intake (Figure 1A) and depressed urinary 
osmolalit ies (Figure 1B) which returned to normal by day 7. 
These parameters showed the same trend for animals exposed 
repeatedly to CTFE, though it took sl ightly longer to return to 
control levels. Control values for urine osmolality are expressed 
individually, rather than one pooled valued, because a slight 
decrease was noted over time. 

Urinary LDH activity 
An acute and dramatic increase in urinary LDH activities 

was observed after the first exposure. Despite repeated expo- 
sure, LDH activity normalized rapidly (Figure 2). 

Inorganic fluoride 
The daily levels of inorganic fluoride in the urine of rats 

exposed once or repeatedly to CTFE were monitored in order to 
provide a crude index of the degree of metabolism of CTFE. 
Rats exposed once demonstrated an acute elevation in urinary 
inorganic f luoride which was normalized by the second day 
post-exposure. In animals repeatedly exposed, urinary inor- 
ganic f luoride levels were increased throughout the exposure 
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TABLE 2 
S e r u m  C r e a t i n i n e  and  BUN Levels  in  Ra t s  Exposed O n c e  or  

Five  T i m e s  to 4 - h  Exposu re s  of  395  ppm  CTI:E A 

Number  of Exposures Serum Creat inine u (me%} BUN *~ (mg%~ 

1 1 . 2 . L  0.2 (12 )  c -15 £ 7 (4) t" 

5 0 5 ± O 0  (3} 22  t 4 (o} 

C o l l t r o l  0 4  a.~ 0 1 ( l l )  l o ~ 2 (4l  

AAII animals .-,acrificed 24 hours  po_,~l-exposure. 

l~Values are means plt,s or minus standard deviations, and numbers in 
parenthe,~es indicate number of animals per group. 

cSignifk-antly different from control at the 0.05% confidence level 
or belo~v 

sequence, especially from Days 4 and 5, and showed a some- 
what delayed return to baseline levels by Day 8 (Figure 3). 

Because inorganic fluoride is itself a classic renal toxin, 
serum levels were also measured. Serum inorganic fluoride 
levels were immediately elevated (35-65 #moles) and then 
sharply reduced by 2 h post-exposure (Figure 4). Control levels 
were realized by 20 I1 post-exposure and before a subsequent 
re-exposure, if one was scheduled. 

Blood  analyses 
Both plasma creatmine and urea nitrogen were elevated 

after the first exposure and returned to control levels by 24 h 
after the fifth exposure (]'able 2}. 

His topa tho log i c  examina t ion  
Light microscopic examinations of kidney sections revealed 

focal coagulative necrosis which was localized primarily in the 
pars recta of the proximal tubule in rats exposed to CTFE. With 
repeated exposures to CTFE, a retrograde extention along the 
proximal tubule involving the pars convoluta and outer cortical 
region became increasingly apparent. The maximum degree of 
necrosis was observed after the third day of exposure (Figure 5). 

Tubular regeneration was characterized by the appearance 
of flattened epithelial cells with basophilic cytoplasm lining 
widely dilated tubules. These cells have little or no brush 
border in their early stages of regeneration. Mitotic figures 
were present. This regeneration, readily apparent 24 h after 
the third exposure, was quite advanced by the end of the 
exposure sequence (Figure 6). 

D I S C U S S I O N  

The acute nephrotoxicity of inhaled CTFE in male Fischer-344 
rats has been previously characterized (Clayton, 1977; Potter 
et aL, 1981). This stud'/ was designed to characterize the 
subacute nephrotoxicity of CTFE in rats to provide information 
relevant to the potential low dose exposure of humans to CTFE 
and other compounds behaving like CTFE. 

Measurements of urinary osmolalit ies and water intake 
volumes showed similar results in rats exposed once or rats 
exposed repeatedly suggesting a deficiency in tubule concen- 
trating ability of exposed animals. The elevated levels of serum 
creatinine and BUN after a single exposure show that plasma 
clearance ability may be acutely affected, as has been pre- 
viously noted (Potter, 1981 ). After 5 exposures, however, both 
parameters were normalized. Thus, these commonly used 
indicators of renal injury would not be useful unless performed 
at the beginning of an exposure sequence. Similarly, repeated 

doses of mercuric chloride administered to rats orally did not 
affect levels of serum creatinine or BUN (Kluwe. 1981). 

Measurement of urinary LDH activity provided a convenient 
and sensitive indmation of acute proximal tubular necrosis, as 
has been observed by other investigators (Potter et al., 1981; 
Bhargava et aL, 1978; Tandon et al., 1980; Plummer and 
Ngaha, 1977; Plummer et aL. 1979). The 100-fold increase in 
activity which occurred after the initial 4-hour exposure was 
striking. With repeated exposures, the levels returned towards 
control despite continued exposure. Several others have noted 
this trend of initially high enzyme levels in the urine of animals 
treated with known nephrotoxins, and the subsequent de- 
creased levels which remain low despite repeated exposure 
(Wachsmuth and Wirz, 1929; Kluwe, 1981). Wachsmuth and 
Wirz (1979} have shown good correlation between LDH activ- 
ity in the urine and proximal tubular necrosis in rats receiving 
8-10 daily injections of cephaloridine. In our study, however, it 
is debatable as to whether the degree of necrosis observed 
after 3 to 5 exposures correlated with the only slightly elevated 
LDH activity. By the third or fourth exposure, necrosis does 
extend further into subcoritcal and cortical regions. The 
amount of LDH in these areas (P1 and P2 segments, corre- 
sponding to subcortical and cortical pars convoluta of the 
proximal tubule) as determined histochemically by Jacobsen 
(1969), indicates that one could expect a notable increase in 
LDH excretion with injury to these segments. 

Urinary inorganic fluoride determination showed that metabo- 
lism of CTFE, at least to the extent of defluorination, continued 
throughout the exposure sequence. Levels of inorganic fluo- 
ride in the urines of exposed animals seemed to increase after 
the third exposure (possibly indicating improved renal func- 
tion), and it took 2-3 days for them to return to control. The 
possibility of accumulation and sequestration of inorganic 
fluoride, or of a compound undergoing defluorination, must 
be considered. 

In his studies of the acute nephrotoxicity of CTFE and hexa- 
fluoropropene (HFP), Potter suggested that inorganic fluoride 
was not the etiologic agent of concern (Potter et aL, 1981 ). This 
study further supports his findings in that serum fluoride lev- 
els measured after exposure(s) were moderately elevated for a 
short time only, and were sharply decreased by 2 h post-expo- 
sure. Studies of the renal effects of methoxyflurane and enflu- 
rane, in which inorganic fluoride was considered the agent 
responsible for diuresis, showed high levels of serum fluoride 
which were maintained for up to 60 h post-anesthesia (Barr et 
aL, 19"74). 

The sirnilar trends in measurements of renal function or 
renal injury for rats exposed once or repeatedly to CTFE 
suggest tolerance. Furthermore, histopathologic examination 
revealed that additional necrosis sus~,ained after the third day 
of exposure was minimal and superimposed on an extensive 
regeneration process. 

The mechanism of resistance to repeated insult may involve 
a number of factors. Balazs (1974) described the evolution of 
tissue resistance characterized by development of a specific 
lesion and then a specific resistance (of l imited duration and 
apparently related to turnover rate of target cells). Others have 
seen this phenomenon after repeated dosing with cephalori- 
dine (Wachsmuth and Wirz, 1979), gentamicin (Gilbert et al., 
1979), mercuric chloride (Prescott and Ansari, 1969), and 
mercuric chloride after administration of other nephrotoxic 
compounds (Tandon et aL, 1980). Certainly the injury is a 
specific one, and after destruction of the susceptible area, it 
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may be that the newly regenerated, less differentiated cells do 
not exhibit the vulnerabil ity of the mature epithelial cells, be it 
due to an altered physiologic or morphologic property of the 
cell (Le. a change in permeability properties) or an altered 
metabolism of the toxin. With regards to metabolism, investi- 
gators have reported the nephrotoxicity of bioactivated halo- 
genated vinyl cysteine conjugates derived from CTFE which 
are injurious specifically to the pars recta of the proximal 
tubule, similar to that injury observed in this study after inhala- 
tion of CTFE (Gandolfi et aL, 1981; Hassall et aL, 1981). Also, 
Bonhaus and Gandolfi (1981) have shown CTFE to react in 
v i t rowi lh glutathione in a microsomal system (liver or kidney), 
Their study presents evidence that CTFE may be bioactivated 
to a vinyl cysteine conjugate via cytosolic transferases and 
reaction with glutathione, the conjugate being subsequently 
activated by a C-S lyase to the toxic agent, The high activity of 
C-S lyase found in the renal brush border may account for the 
specific nephrotoxicity observed. 

In summary, this work indicates that short-term repeated 
4-h exposures of male rats to 395 ppm CTFE elicits nephrotox- 
icity with morphotogic changes reflecting injury to the prox- 
imal tubule and changes in renal function. Recovery is rapid, 
and tolerance is observed as evidenced by similar changes in 
renal function of animals exposed once or for five days. Also, 
there is little increase in the severity of necrosis in animals 
exposed repeatedly after what appears to be a maximum 
damage incurred after the 3rd day of exposure. 
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