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ABSTRACT

Male Fischer-344 rats were exposed via inhalation to 395 ppm 
±33 ppm CTFE for 4 hours per day for 5 consecutive days, within one day 
after the first exposure, rats exhibited diuresis, increased water 
intake, decreased urine osmolality, and increased urinary lactic 
dehydrogenase (LDH). They also showed a reduction in body weight gain 
and increases in serum creatinine and BUN, In subsequent exposures, 
values for these parameters declined or returned to control levels in a 
manner comparable to rats receiving a single exposure. After two 
exposures, coagulative necrosis involving primarily the pars recta but 
extending to the pars convoluta of the proximal tubule was present. 
Regeneration, characterized by flattened squamoid cells with basophilic 
cytoplasm, was apparent by the third day of exposure, and additional 
necrosis was minimal despite further exposures. Rats exposed once and 
re-exposed seven days later sustained less injury than rats not pre
exposed as evidenced by less severe tubular necrosis. Daily urinary 
fluoride "(F ), an index of CTFE metabolism, was increased to 3-6 ymoles/ 
24h during the repeated exposures which coincided with a brief elevation 
in serum fluoride at the end of each exposure. Another group of rats 
was exposed to 210 ppm±40 ppm CTFE and exhibited delayed and lowered 
responses of renal toxicity and necrosis. Adaptation to CTFE is 
evident either through changes in the metabolism or disposition of CTFE 
or from a refractive property of the regenerating tissue.



INTRODUCTION

Because of their wide-spread use, especially in the industrial 
setting, the health effects due to exposure to various fluoroalkenes 
has become an area of concern to the toxicologist and the industrial 
hygienisto Several unfortunate accidental exposures to industrial 
workers handling these compounds have prompted researchers to investi
gate the toxicities of these types of compounds (1). Krespan (2) 
reported the practical importance of the fluoroalkenes because of their 
inability to be polymerized by free-radical catalysis, thus enabling the 
production of various elastomers and resins. He also pointed out that 
these compounds can be very reactive to nucleophiles as the substituted 
fluorine atoms surrounding the carbon-carbon double bond rendered that 
double bond electron-rich rather than typically electron-deficient.
Cook and Pierce (3) have proposed that relative toxicities of these 
compounds appear to be directly proportional to the relative reactivity 
with nucleophiles.

Acute Toxicity Studies with CTFE 
Clayton has reviewed the inhalation toxicology of several 

fluoroalkenes (1). Chlorotrifluoroethylene (CTFE) was reported as a 
fluoroalkehe of slight to moderate acute inhalation toxicity with 
respect to lethal concentration for rats. Studies with inhaled CTFE 
with various animal species have identified this compound as potentially 
toxic to several organ systems. In rats, nephrotoxicity was the



primary toxicity elicited at low to moderate concentrations of inhaled 
CTFE• Radford, as reported by Clayton (1),. has observed renal dysfunc
tion in male rats by monitoring water intake, urine volume, urine 
osmolality, and body weight changes after single 4-hour inhalation 
exposures to CTFE (125 ppm - 460 ppm) • Acute 4-hour studies with rats 
exposed to higher concentrations of CTFE (800-ppm - 1200 ppm) 
conducted by Hood et al., as reported by Clayton (1), revealed degenera
tion of renal tubules in addition to pulmonary toxicity.

Recently9 Potter (4,5) has described several functional and 
morphological changes in the kidneys of male Fischer*-344 rats as the 
result of 4-hour acute inhalation studies with CTFE. He found that 
rats exhibited dose-related (100 ppm - 540 ppm) proximal tubule 
necrosis, diuresis, and body weight loss with increases in urinary 
lactic dehydrogenase activity, urinary fluoride, serum creatinine, and 
blood urea nitrogen levels within two days after exposure; In these 
studies, tubular regeneration was reported within four days post 
exposure.

Repeated Exposure Toxicity Studies
While acute toxicological studies provide much fundamental 

information, it is evident that experimentation must be carried an 
additional step in order to further elucidate that which is relevant to 
the occupational setting —  what are the practical consequences of 
exposure to CTFE for an industrial worker who handles this type of 
compound on an everyday basis? Repeated administration studies are the



natural extention of acute studies and can provide data potentially 
applicable' to worker populations at risk*

Repeated exposures with CTFE in various animal species have been 
conducted by Hood et al* 9 reported by Clayton (1). Eighteen 4-hour 
exposuress 5 days per week, at 300 ppm, elicited slight body weight loss 
and changes in the renal tubules of rats* Rabbits and guinea pigs 
similarly exposed showed loss of body weight and normal histology, with 
a few deaths* Short-term, repeated exposures in dogs (same conditions 
plus additional exposures ranging from 300 ppm - 1000 ppm) caused a 
transient leocopenia which was evident during the second and third day 
of each week (indicating adaptation?), and also erythrocytosis and 
encephalopathy* A long-term investigation was next carried out in which 
rats, rabbits, guinea pigs, and dogs were exposed for 14 months, 5 days 
per week, 6 hours per day to lower concentrations of CTFE (15 ppm - 
150 ppm)» Guinea pigs and rabbits were unaffected, and rats showed 
degenerative changes in the.renal tubules* Dogs showed neurological 
disturbances and blood pressure changes at the higher concentration 
levels*

Kochanov (6) has described wide-spread congestion of liver, 
kidney, and spleen in rabbits after repeated exposures to 500 ppm and 
subsequently 250 ppm CTFE (4 hours per day, 6 days per week for 58 
days, and 6 hours per day, 6 days per week for 72 days more, 
respectively). He also reported reductions in motor activity, 
respiratory rate, and rate of body weight gain.



Recently, many investigators have conducted repeated toxicity 
studies subsequent to acute studies» The acute and subchronic 
toxicity of mercuric chloride is a relevant case in point. The acute 
toxicity of the nephrotoxin, mercuric chloride, is well-known (7-9) , 
Prescott and Ansari (10) have shown development of a certain tolerance 
in rats after repeated subcutaneous administration of.mercuric chloride 
as evidenced by initially elevated and then diminished celluria and 
UGOT levels, despite the continued dosing, Tandon et al, (11) have 
noted that this tolerance may be partially explained by induction of 
renal metallothionein, though protection is also afforded by pre
treatment with compounds which do not induce renal metallothionein.
These investigators have observed less necrosis in the kidneys of 
those animals which were pretreated with various nephrotoxic compounds, 
all being proximal tubular toxins, as opposed to those animals which 
were not.

Acute and subacute studies have been performed by Atkinson 
et al. (12,13) in various animal species with subcutaneous or intra
muscular injections of the nephrotoxic antibiotic, cephaloridine.
Their results indicated that damage occuring to the proximal tubule when 
the drug was administered on a subacute basis was less than would have 
been expected based on that injury sustained with an acute exposure to 
the drug. Wachsmuth and Wirz (14) have also studied the subacute 
renal toxicity of cephaloridine in rats. They maintain that there must 
be some mechanism of adaptation involved because they found practically



normal histology and histochemistry of the kidneys of the animals after 
eight to ten days of repeated dosing.

Recovery from gentamicin toxic nephropathy in rats, despite 
continued drug exposure, is demonstrated by results of a subchronic 
study conducted by Gilbert et al. (15). They reported return of the 
renal histology, serum creatinine and BUN levels, and urine osmolality 
of the animals to their pretreatment status during the course of the 
repeated subcutaneous administration of the drug.

Balazs (16) provides an interesting discussion and review of 
several examples of the development of tissue resistance during 
repeated administration of various xenobiotics. He notes that this 
resistance would develop only after a specific lesion had been 
effected and would last only for a finite period of time depending on 
the tissue of interest. - He furthermore suggests possible mechanisms 
of tissue resistance including an altered metabolism or disposition of 
the chemical or some refractive property of the regenerated cell 
population.

Methods for the Evaluation of Renal Injury 
As aforementioned, nephrotoxicity is the obvious effect 

elicited in rats exposed to low to moderate concentrations of CTFE (1, 
4-6) for single and repeated exposures. There are a multitude of 
well-documented methods in the literature for the assessment of injury 
to the kidneys and renal functionality. Some of the simplest include 
measurement of daily water intake, urine volume, and urine osmolality.



Radford, as reported by Clayton (1), has observed that rats will 
voluntarily limit their water intake and produce a maximally concentrated 
urine, thus providing an excellent method to assess renal concentrating 
ability by monitoring water intake and urine osmolality« Additionally, 
he recorded daily body weight of the animals as a general index of 
health.

Recently, much study has gone into the development of urinary 
enzyme determinations which have been shown to be clinically relevant 
(17). These are excellent parameters to measure because they are 
sensitive and often specific, non-inyasive measurements which may be 
carried out on thecsame animal repeatedly. Urinary lactic dehydrogenase 
(LDH) is a cytosolic enzyme which has proven to be an especially good 
indicator of tubular necrosis. Assays for this enzyme in the urine have 
been used experimentally in order to assess the effects of several 
known renal toxins. (4,5,7,11,14,18-20), and it has proven a most 
sensitive index of injury. Of special interest are the subacute 
studies which use this measurement as an indication of damage incurred 
and subsequent recovery. Does the correlation of LDH activity in the 
urine and renal necrosis still hold over the course of repeated 
dosing? Wachsmuth and Wirz (14) have addressed this issue in their 
subacute study with cephaloridine. Their results demonstrate that the 
correlation retains itsrvalidity. The decrease in percent of injured 
kidney tubules corresponds to the decrease in urinary LDH activity of 
rats repeatedly treated with cephaloridine.



Two additional indices of renal functionality which are 
employed very commonly in the clinical setting are serum creatinine 
and blood urea nitrogen» Experimentally., investigators have used one-or 
both of these parameters to assess renal function ("9913> 15P21922) ; ahd . 
Potter has shown dose-related increases in both serum and BUN after 
acute inhalation exposure of rats to CTFE (4,5). Creatinine is 
completely filtered at the glomerulus and subsequently partially 
secreted and reabsorbed. The net effect is its appearance to be 
completely filtered and not reabsorbed at all. It may therefore be 
utilized to estimate glomerular filtration rate (GFR) which, in turn, 
may provide information regarding renal hemodynamics and tubular 
functionality (22).

Urea-nitrogen-appears-In-the blood stream as the result-of the 
breakdown of any cell. It is filtered at the glomerulus, secreted, and 
recycled* When there has been injury to the kidney, blood urea 
nitrogen will rise very rapidly.



STATEMENT OF THE PROBLEM

The purpose of the study was to characterize the renal toxicity 
of chlorotrifluoroethyl^ne (CTEE) repeatedly inhaled "by rats.

CTFE is an industrial chemical used in the production of fluoro- 
pdlymers and, as such, is of potential hazard to industrial workers.
The acute nephrotoxicity of this compound has been characterized. 
Therefore, it was of toxicological interest to evaluate the nephrotoxic 
effects elicited by repeated exposure because human exposure to CTFE in 
the workplace is likely to be. on a repeated and low-level basis.

It is important to understand the consequences of repeated 
insult to the animal system in terms of the injury which is sustained 
and also the enhanced or impaired capability of the system to repair 
and recover. The time course of the injury and recovery was studied. 
These considerations must be evaluated with regard to the possible 
mechanisms of toxicity in order to elucidate chronic health effects.

With these goals in mind, it is hoped that this work may be of 
value to aid in the establishment of precautionary guidelines for this 
particular compound and compounds of this type encountered in the 
workplace or elsewhere.

8



MATERIALS AND METHODS

Animals
Male Fischer-344 rats weighing between 150 and 200 grams were 

used throughout these studies. This strain of rat was chosen because 
of its demonstrated susceptibility to the nephrotoxic effects of 
inorganic fluoride (23) .and also to some fluoroalkenes (4,5). Rats 
were obtained in batches of 30 animals (Microbiological Associates, 
Walkersfield, Maryland), housed randomly in pairs in stainless steel 
metabolism cages, and allowed to adapt to their surroundings for at 
least five days prior to any experimentation. Animals had free access 
to food and water at all times.

Chemicals

Chlorotrifluoroethylene (CTFE) was supplied by Matheson 
(Cucamonga, California) in lecture bottles (99% pure). Certified 
standard mixtures of 326 ppm. CTFE with a balance of air, also supplied 
by Mat he son, were greater than 95% pure. The compressed CTFE and 
standard mixtures were analyzed for purity using gas chromatography 
and mass spectrometry (Finnigan 9500 gas chromatograph with Poropak Q 
stainless steel column interfaced with a Finnigan 3300 mass spectrometer 
with Data System 610). Impurities were not conclusively identified and 
are thought to be highly fluorinated analogues of the parent compound.

All other chemicals and biochemicals used were of reagent grade 
or better.
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Exposure System

Chamber
The exposure chamber was constructed from Lucite plastic and 

measured 93.4 cm by 63.0 cm by 32.4 cm with a total volume of 180 
liters (Figure 1). The chamber was.supplied with two exhaust ports^ one 
port for inflow of CTFE and airy and two sampling septae on the face of 
the chamber. An overhead fan supplied circulation of the atmosphere 
within the chamber and there was a temperature control system consisting 
of two heating pads placed underneath the stainless steel platform floor 
of the chamber. Warping of the chamber due to the heating pads was 
deterred by asbestos pads appropriately placed on the floor. Four 
galvanized steel cages were placed inside to hold the rats. Total 
chamber capacity was about 24 rats without any appreciable moisture 
condensation or overcrowding.

Delivery System
Tygon tubing was employed throughout the system since CTFE is 

structurally similar to many plastic materials. Air from a compressed 
air cylinder was introduced into the chamber at a rate of about 6 liters 
per minute. Flow ranged up to 8 liters per minute depending on the 
number of rats being exposed in order to prevent condensation formation 
within the chamber. Air flow was monitored by use of a flow meter.
Two 50 cc glass syringes were filled from the lecture bottle of 
compressed CTFE and driven by an infusion pump (Harvard Apparatus
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Exhaust

Fan
Thermostat

Sampling
septum

6 liter flow

Elevated heating plate

Syringe
pump

180 liter volume

Figure 1. Diagram of the 180 liter, exposure chamber and the delivery 
system.
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Compact Infusion Pumps Millis, Massachusetts). The CTFE was delivered 
into the intake air flow through hypodermic needles inserted in the 
air hose.

Chamber Atmospheric Analysis
The atmosphere of the chamber was analyzed to determine the 

concentration of CTFE at the following time points; 5 minutes, 15 
minutes, 30 minutes, and at 30-minute intervals until the end of the 
exposure. The CTFE flow was turned off at 235 minutes, a sample 
analysis performed, and a final sample was analyzed at 240 minutes»
For each analysis, three milliliters of chamber air was withdrawn using 
a Pressure-Lok air-tight syringe (Precision Sampling Corporation,
Baton Rouge, Louisiana), The concentration of CTFE was quantified by 
gas chromatography (Hewlett Packard Gas Chromatograph #5700A with FID 
detector, Porppak Q column; column temperature = 120°C, injection port 
temperature = 150°C, detector temperature = 200°C, and carrier flow =
30 mls/minute). All samples were analyzed within five minutes after 
obtaining them since the fluoroalkene concentration within the syringe 
has been shown to diminish with time (4). Two peaks appeared on the 
chromatograph; the CTFE peak with a retention time of 2 minutes, and a 
smaller, unidentified peak with a retention time of 0,2 minutes.

Exposures
As was the case with studies previously reported (1,4), 4-hour 

exposures were performed, generally between 10;00 AM and 2;00 PM. Rats 
were removed from their metabolic cages and divided evenly between the



four cages contained inside the chamber. The chamber was closed and 
air flow established. The chamber was then primed with an appropriate 
amount of CTFE driven at a high flow rate (approximately 46 mis per 
minute) through the hypodermic needles into the air intake flow. The 
flow rate of the CTFE was then decreased to maintain the desired con
centration. After 235 minutes, the CTFE flow was stopped and the air 
flow was increased to about 65 liters per minute in order to purge the 
chamber. At the 240 minute time point, the animals were removed from 
the chamber and returned to their metabolism cages for observation.

Four experiments were conducted at the following sublethal 
concentrations of CTFE: 210 ppm, 370 ppm, 390 ppm, and 430 ppm.

Rats were exposed for five consecutive days. In one set of 
experiments, animals were exposed for one day only, allowed a seven to 
eight-day recovery period, and re-exposed once again.

General Assessment of Health 
Body weight, fluid intake, and 24-hour urinary output were 

monitored daily. Trends in appearance and behavior of the animals were 
also recorded.

Analysis of Urine

Collection
On the initial day of exposure, and for up to 12 days there-y . 

after, 24-hour urine samples for two rats per metabolism cage were 
collected in covered plastic cups. At the beginning of each
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collection period, 100 pi of streptomycin (50 mg/ml in water) and 100 pi 
of gentamicin (200 pg/ml in water) were placed into each cup to 
prevent or retard any bacterial growth taking place. Urines were 
collected under mineral oil- for some of the experiments, though this 
did not seem to make any significant difference in urine volume.
Urine volume was measured at the beginning of each day and the samples 
were centrifuged for 5 to 10 minutes at approximately 3000 rpm. This 
was necessary to sediment any food or fecal contamination»

Urine Osmolality
Urine osmolality was measured using a vapor pressure osmometer 

(Wescor Vapor Pressure Osmometer 5100 B or 5100 BXR, Logan, Utah). A 
200 pi aliquot of the centrifuged urine was diluted with 1 ml of 
distilled, deionized water or a 500 pi aliquot was diluted with 500 pi 
of water, depending on the concentration of the sample being analyzed.

The osmometer was calibrated with standard solutions (200 and 
1000 millosmols (mOsm)/kg urine) supplied by Wescor.

Urinary Lactic Dehydrogenase
Daily urinary lactic dehydrogenase activities were measured 

using a modification of the Sigma LDH assay procedure (Sigma Technical 
Bulletin No. 340-UV, Sigma Chemical Company, St. Louis, Missouri).
One-ml aliquots of the centrifuged urine was first dialyzed against 
distilled, deionized water for 90 minutes. The final volume obtained 
after dialyzation divided by the initial volume (one ml) is the 
dialyzing dilution factor and was used in the final calculation of LDH



activity- The procedure described in the Sigma bulletin for serum was 
the same procedure used here with the following exception: 100-500 pi
of dialyzed urine was used (depending on the amount of activity .in the 
sample) and the final reaction volume was kept at 3 mis by adjusting 
the amount of buffer used, LDH activity was expressed as Sigma units 
per 24 hours per rat» In order to preserve enzyme activity9 the 
dialyzed urine was kept refrigerated at 4°C until the assay was 
performed, always within 24 hours after collection.

Urinary Fluoride
Daily urinary inorganic fluoride was measured using a Corning 

Digital 110 Expanded pH Ffeter with an Orion Model 605 Electrode Switch 
(4,23)- Standard fluoride solutions were prepared with concentrations 
ranging from 25-1500 pmoles per liter. An aliquot of sample or 
standard (100 pi) was diluted with 500 pi of TISAB (Total Ionic Strength 
Adjustment Buffer) and 500 pi of distilled, deionized water, and the 
fluoride electrode was immersed in the mixture. After an equilibration 
period of 5 minutes, a millivolt reading was recorded, A regression 
analysis was performed on a plot of the millivolt reading for each 
standard vs. the corresponding log of the concentration of the 
standard. From this, the concentration of inorganic fluoride in a 
sample could be calculated. Urinary fluoride was expressed as pmoles 
of fluoride per 24 hours per rat.
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Glomerular Filtration Rate and 

Fraction of Filtered Sodium Excreted
In an attempt to gain insight as to the actual sta,te of

functionality of the tubules after exposure to CTFE, glomerular 
filtration rate (GFR) and fractional sodium (Na) excreted were deter
mined. The basic theory of these methods is explained by Brenner and 
Rector (24) and they have been used by other investigators to evaluate 
renal function (9,21,22,25). GFR may be approximated by measurement of 
serum and urine creatinine and 24-hour urine volume (a). Once GFR is 
calculated, it may then be used to examine the fraction of sodium 
excreted by the animal (b-d) . This measurement is, in turn, a good
indication of how well the tubules are reabsorbing and excreting sodium,
that is, tubule function.

(a) GFR (mls/min) =
urine creatinine (mg%) x urine volume (mls/24 hours) 

serum creatinine (mg%) x 1440 min/24 hours

(b) filtered Na (mg/min) = GFR (mls/min) x serum Na (mg%)

(c) excreted Na (mg/min) =
urinary Na (mg%) x urine volume (ml/24 hours)

1440 min/24 hours

_ , excreted Na(d) fraction of Na excreted =  y —filtered Na
/

These physiological indices were measured for the rats pre
exposure and 24 hours after exposure.
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Urinary and serum creatinines were measured on a Technicon Auto

analyzer as described in the blood analyses section. Serum and urinary 
sodium levels were measured by flame'photometry (Beckman Flame Photometer 
Model 6521, Fullerton, California) using lithium sulfate as an 
internal standard (26), Experimentally, serum samples and urine 
samples containing the internal standard were aspirated on the flame 
photometer and the intensity of emission was recorded. Standard solu
tions of sodium chloride (2,00 x 10  ̂- 30,00 x 10 )̂ were prepared. 
Results were plotted as concentration of the standard solution of 
sodium chloride vs. the ratio of the intensity of sample/lithium 
sulfate standard. The concentration of the sample was then determined 
from the plot. Concentrations were expressed as millequiva1ents of 
sodium per ml.of serum or urine, -_

Surgical Procedure for Rat Kidney 
Perfusion in Situ

In order to maintain as much as possible the normal structural 
relationships within the. kidneys, a technique was employed for the in 
situ perfusion of the kidneys. This technique is a modification of 
that described by Griffith et al. (27). Rats were anesthetized with 
300-500 pi Innovar given intramuscularly and then secured to a dis
secting board for the operation, A retrograde perfusion was performed 
via aortic cannulation as described by Griffith (27). The apparatus 
used consisted of one flask incorporating the manometer and fixative.
The fixative used was 2% glutaraldehyde in 0.1 M phosphate buffered 
saline (PBS, pH = 7.2). The kidneys were perfused for 3-4 minutes at
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physiologic pressures until they became stiff and turgid* evidencing a 
complete fixation. They were removed with surgical scissors and one cut 
longitudinally and the other cut sagittally* They were, then' placed in 
the same refrigerated fixative (4°C) for 4-5 hours after;which they were 
transferred to PBS only and refrigerated again until sectioning. In 
some cases, the kidneys were placed directly into 10% buffered 
formalin after perfusion in order to prevent extreme autolysis from 
occuring where the perfusate had not penetrated the tissue.

Blood Analyses
Blood was obtained through a heparinized syringe via the 

inferior vena cava or by cardiac puncture after cervical dislocation or 
lethal anesthetization with Innovar (800-1000 pi, IK). Approximately 
one ml of tail vein blood was collected via a heparinized needle for 
analysis of creatinine and sodium for the determinations of GFR and 
fraction of sodium excreted. The blood samples were centrifuged, and 
plasma was analyzed on a Technicon Autoanalyzer (Chauncey, New York) 
for creatinine and urea nitrogen. Assays for these two colorimetric 
procedures are described in Technicon Laboratory method files (#N-lb 
and #N-llb). Values were expressed as mg creatinine or urea nitrogen 
per 100 itil of plasma (mg%).

In one experiment, plasma fluoride was also determined 
according to the method previously described for the determination of 
urinary fluoride (4,23). In this case, the standards used ranged 
from 1-100 pmoles of inorganic fluoride per liter, and 500 pi of 
sample or standard was diluted with 500 pi of TISAB buffer.
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Detection of Fluorinated Metabolites 

The kidneys of animals sacrificed immediately, 2 hours, and 
approximately 20 hours post-exposure were examined for any fluorinated 
metabolites covalently bound to the tissue using a modification of a 
procedure described by Soltis and Gandolfi (28). Forty to fifty mg of 
cortex of the kidneys which had been preserved in formalin were 
homogenized with distilled, deionized water, one ml of water per 30 mg 
of tissue. Two hundred pi of 20% trichloroacetic acid (20% TCA) was 
vortexed with one ml of the homogenate and then the mixture was 
centrifuged at 3000 rpm for 30 minutes. The supernatant was decanted 
and 50 pi of 20% TCA added to the pellet. After vortexing, the 
mixture was lyophilized to dryness. The sample was processed using a
sodium fusion technique whereby the carbon-fluorine bond of a
fluorinated metabolite is destroyed and free inorganic fluoride 
released. This step was carried out by heating the dried sample with 
approximately 25 mg of sodium metal in a hot flame (/̂  800°C)» One ml
of distilled, deionized water and 500 pi of 6M potassium acetate
(pH 6,0) was added to each tube after reaction of any remaining sodium 
metal with 50 pi of anhydrous methanol. One-ml aliquots of the final, 
neutralized samples were mixed with one ml of TISAB and inorganic 
fluoride content was determined as previously described for urinary 
fluoride (4,23), Standards were prepared by addition of known amounts 
of sodium fluoride (1 nmole to 25 nmoles) to tubes containing the 
sodium metal only which had been heated and then treated with the 
anhydrous methanol, one ml of distilled, deionized water, and 500 pi



20
of potassium acetate* These standards were then diluted with TISAB as 
described for the samples and a millivolt reading" was obtained. The 
amount of bound organic fluoride was expressed as nmoles of fluoride 
per 30 mg of kidney cortex.

Histology
Kidneys were obtained either directly after sacrificing the 

animal by cervical dislocation or lethal anesthetization with 
Innovar, or by employing.a surgical technique for the in vivo perfusion 
of the kidneys previously described. Kidneys were preserved in 10% 
buffered formalin or refrigerated in PBS in some cases of the fix- 
perfusions. They were then dehydrated in graded alcohols? embedded in 
paraffin, and stained with periodic acid Schiff stain (PAS stain).
This particular stain was chosen as it afforded better inspection of 
the renal architecture. Slides were then examined using light, 
microscopy. Each tissue was assigned a grade from 0 to 3 based on the 
extent of injury observed: ?,0i? represents no lesions observed; "1",
lesions confined to the distal pars recta of the proximal tubule; n2,,9 
lesions involving the proximal pars recta and extending up renal 
medullary rays; and "3", lesions extending to involve the pars 
convoluta of the proximal tubule.

Statistics
The Student’s t-test was used to test for significance in the 

difference between two means.



RESULTS

Rats were exposed to the following sublethal concentrations of 
CTFE: 370 ppm (368*107), 390 ppm (388*23), and 430 ppm (428*129)»
These values are time-weighted averages of the concentrations of CTFE 
as measured at the sampling time points for each 4-hour exposure over 
the 5-day exposure sequence and also including the re-exposure on Day 
7 or 8 if one was done. These three exposure sequences (Figure 2) were 
statistically the same and the average of these three studies combined 
was 395 ppm *33, Results common to the individual experiments were then 
combined to obtain more meaningful values. Additionally, repeated 
exposures.were conducted at_210_ppm .(209*40) in order to characterize 
any differences in effects due to a reduction in concentration of CTFE 
(Figure 2), These two concentrations of CTFE (210 ppm and 395 ppm) 
were chosen because they would elicit an injury but were not lethal so 
that the subsequent regenerative phase of the injury could be studied.

Rats were exposed for five consecutive days (Day 0 through Day 
4) for 4 hours per day in all the studies. In two of the 395 ppm 
studies, rats were exposed to CTFE on Day 0 only, and then were 
re-exposed on Day 7 or 8. Animals were serially sacrificed 24 hours 
after exposure to obtain histological and blood analysis data during 
the course of the exposure sequence. A sacrifice 24 hours post- 
exposure enabled evaluation of the animals immediately before 
re-exposure within the sequence.

21
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Figure 2. Chamber atmospheric concentrations of CTFE during repeated 
4-hour exposures of rats. —  Curve 1 represents 210 ppm 
(207 ppm_d: 19%); Curve 2, 370 ppm (368 ppm ± 29%); Curve 3, 
390 ppm (388 ppm ± 6%); and Curve 4, 430 ppm (428 ppm ± 30%).
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Exposure System

The exposure chamber (Figure 1) was capable of accomodating as 
zmany as 24 rats at one time5 though the air flow rate had to be 
adjusted accordingly for the higher numbers of animals. This was 
necessary to decrease chamber humidity and to prevent moisture 
condensation on the inside walls of the chamber. The temperature 
inside the chamber was 25°C ± 2°C. While the chamber atmosphere could 
always be heated, there was no compensatory cooling system<, Therefore, 
in order to maintain uniform conditions, this temperature-range was 
preserved. The overhead fan provided for good mixing and circulation of 
the chamber atmosphere.

The variation in chamber concentration of CTFE ranged from 6% 
to 30%. The desired concentration was usually attained within five 
minutes after the beginning of exposure and maintained at that level 
until five minutes before the end of exposure, at which point the 
chamber was purged.

The delivery system was adequate, however it was clumsy in 
that it required constant refilling of the syringes (usually every 30 
minutes). This provided for much of the variability observed in the 
CTFE concentration during exposures.

General Health and Body Weight
The general appearance and behavior of the rats during the 

experimental period was unremarkable with the exception that, upon 
removal from the chamber after some exposures at the higher 
concentration of CTFE (395 ppm), some animals had flecks of dried



blood around the mouth and nares. This was due to the respiratory 
irritation elicited by CTFE which has been previously reported (1).

As a result of repeated exposure to 395 ppm CTFE9 rats 
exhibited slight decreases in body.weight (Figure 3)« Normal body 
weight gain was resumed after the fifth exposure. Animals exposed once 
only experienced much more severe decreases in body weight. It was 
also observed that control animals did not exhibit expected gains in 
body weight until Day 7, and the reason for this is unknown.

Daily body weight changes of animals exposed repeatedly to 210 
ppm CTFE showed a sharp decline on Day 2 of the exposure sequence as 
did control animals in that group (Appendix A, Figure A.I.). It seems 
evident that this condition was due to unknown factors in the animal 
housing facility on "that day, and a similar phenomena "has been observed— 
previously (4).

X

Kidney Weight/Body Weight Ratios 
Kidney weight/body weight ratios were calculated for rats 

serially sacrificed approximately 24 hours after 1, 2, 39 4, and 5 
exposures to 210 ppm and 395 ppm CTFE (Table 1). These ratios were all 
elevated with two exceptions: after a single 210 ppm exposure and
after a single 395 ppm exposure in which the animals were sacrificed 
7 days post exposure. Maximum ratios were observed after 3 or 4 
exposures within each exposure sequence9 and the largest values 
obtained were for those animals exposed to 395 ppm CTFE for 4 days. 
Because decreases in body weight were not severe for animals repeatedly
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Table 1. Kidney weight/body weight ratios of rats following repeated 

4-hour exposures to 210 ppm or 395 ppm CTFE.

Exposure Level
Number of 

days of exposure
Kidney weight 

x 10
a/Body weight 
,3

210 ppm 5 8.3±0.4 (2) *
4 8.9±0.2 (2) *
3 9.0+0.1 (2) *
2 8.4±0.4 (2) *
1 8.2±0.8 (2)

395 ppm 5 9.2±1.0 (8) *
4 10.8±1.5 (4) *
3 8.6±0.6 (6) *
2 7.9±0.6 (4) *
1 8.1±0.9 (6) *
5b 8.2±1.1 (6) *
lb 7.6±0.6 (2)
1:1= 10.1±1.2 (6) *

Control 0 6.8±0.5 (12)

Values are means plus or minus standard deviations.
3 Both kidneys
k Sacrificed 7 days post-exposure (all others sacrificed 1 day post

exposure )
C 1:1 = a single exposure and a re-exposure 7 or 8 days later.
* Significantly different from control at the 0.05% confidence level 
or below.

( ) Numbers in parentheses = number of rats studied in each group.



exposed, increased kidney weight/body weight ratios must be due to 
increased organ weight.

Urine Volume and Water Intake
Rats exhibited diuresis throughout the sequence of repeated 

exposures to 395 ppm CTFE (Figure 4). A maximum increase in urine 
volume was observed on Day 3 after which urine output was, decreased to 
control levels by Day 6. Rats exposed once showed the same trend of 
diuresis as those rats exposed repeatedly.

Urine collection proved to be a rather inexact .measurement with 
respect to the volumes obtained because the metabolism cages used did 
not allow for complete separation of food and fecal material from the 
urine. Because of the cage design, evaporation was extensive even 
though the urines were collected under mineral oil. However, these
problems may be considered uniform thus making relative comparisons

!valid.
Water intake was also monitored daily for each metabolism cage 

and increases in intake reflected those trends observed with urine 
volume (Figure 5). Again, single and-repeated exposures elicited 
similar trends with respect to this parameter.

Animals which were pre-exposed on Day 0 and re-exposed on Day 7 
or 8 exhibited variable increases in urine volume and water intake 
(Figures 4 and 5). The low number of measurements in these cases (n=2)

: preclude statement of definitive trends.
Rats exposed repeatedly to 210 ppm CTFE also exhibited 

increases in urine volume and water intake, however, these increases
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Figure 4. Daily urine volumes of rats following single and repeated 
4-hour exposures to 395 ppm CTFE. —  Values represent the 
mean plus or minus the standard deviation. (Control 
value = 5.7 ± 5.1 mls/rat • 24 hours, n = 110).
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repeated 4-hour exposures to 395 ppm CTFE. —  Values 
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were approximately half those observed in the 395 ppm exposures and 
maximal increases in these parameters did not occur until Day 2 as 
opposed to the immediate large increases observed after a single 
exposure to 395 ppm (Appendix A, Figures A,2. and A.3«),

Urine Osmolality 
The urine osmolality of rats exposed repeatedly to 395 ppm 

CTFE was very much decreased after the first exposure and remained so 
until about 2 days after the fifth and final exposure (Figure 6).
Values returned to normal by Day 7. Animals exposed once only behaved 
in a comparable manner• Again, animals which were pre-exposed 
exhibited variable results; those re-exposed on Day 8 showed decreases 
in urine osmolality on the order of those animals which were.exposed. . 
once without pre-exposure, while animals re-exposed on Day 7 showed no 
decrease at all.

As shown by Figure 6, values of urine osmolality gradually 
decreased from an average of 4000 mOsm/kg urine to an average of 
2000 mOsm/kg urine by Day 7, at which point they remained stable. The 
urine osmolalities for control rats which have been reported in the 
literature (15,21,22) have been no higher than 2000 mOsm/kg urine 
(usually 1500 mOsm/kg urine). These elevated values, which were 
observed in that first week period of all the studies, are mysteriously 
high and could have been due to some cage adaptation event.

The urine osmolalities of rats exposed to 210 ppm CTFE for 5 
consecutive days also exhibited a sharp decrease after the initial
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Figure 6. Daily urine osmolalities following single and repeated 
4-hour exposures of rats to 395 ppm CTFE. —  Values 
represent the mean plus or minus the standard deviation. 
(Control value [Day 7] = 20056783 mOsm/kg urine, n = 22).
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exposure but with a subsequent increase by Day 4, the final day of 
exposure (Appendix A* Figure'.Ac 4 , ) Values for this group were not as 
depressed as those in the 395 ppm study.

Urinary LDH Activity 
Rats exposed to 395 ppm CTFE exhibited 100-fold increases in 

urinary LDH activities after the first exposure (Figure 7)* Whether 
animals were exposed once or repeatedly, results were almost identical; 
a sharp spike in activity was observed on Day 1 with values approx
imating control levels by Day 3. Rats which were exposed once and 
re-exposed 7 or 8 days later had IDE activities which were significantly 
reduced compared to those observed in animals which were not pre
exposed. Again, .the small number of animals in these pre-exposed groups 
(n=l or 2) does not allow for definitive conclusions.

Urinary LDH activities of rats exposed to 210 ppm CTFE for 5 
consecutive days were not nearly as elevated as those.in the 395 ppm 
exposure, and a maximum increase was not observed until after the 
second exposure (Appendix A, Figure A.5.).

Urinary Fluoride 
Daily levels of inorganic fluoride excreted in the urines of 

rats exposed to 395 ppm CTFE were monitored in order to provide a crude 
index of the degree of metabolism of CTFE to inorganic fluoride (4,5). 
Elevations in urinary fluoride were observed 24 hours after the initial 
exposure and remained increased throughout the repeated exposure 
sequence (Figure 8). Large standard deviations in the values obtained
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Figure 7. Daily levels of urinary LDH excreted by rats following single 
and repeated 4-hour exposures to 395 ppm CTFE. —  Values 
represent the mean plus or minus the standard deviation. 
(Control value = 211±251 units/rat*24 hours, n = 120).
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Figure 8. Daily levels of urinary inorganic fluoride excreted by rats 
following single and repeated 4-hour exposures to 395 ppm 
CTFE. —  Values represent the mean plus or minus the standard 
deviation. (Control value = 1.261:0.61 ymoles F~/24 hours• rat, 
n = 102).
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precluded decision as to a statistically significant trend. It was 
obvious* however * that a few days were required after the exposure 
sequence had ended for fluoride levels to return to control. Pre
exposed rats exhibited similar elevations in urinary fluoride as those 
animals hot pre-exposed and this indicated no apparent change in 
metabolism (defluorination) as a result of pre-exposure.

Rats exposed to 210 ppm for five days showed a definite plateau 
effect with respect to. elevation in urinary .fluoride during the exposure 
sequence and values were not elevated to the extent of those of the 395 
ppm study (Appendix A* Figure A. 6,).

Serum Fluoride
Serum inorganic fluoride levels were measured in order to 

evaluate the possibility that inorganic fluoride was the nephrotoxin 
of consequence with respect to CTFE toxicity. Rats were sacrificed 0*
2* and approximately 20 hours after 5* 3* 2* and 1 exposure(s) to 395 
ppm CTFE. Figure 9 shows the levels of serum fluoride obtained for 
these time points. It can be seen from the figure that fluoride levels 
rose to between 65 and 37 pmoles F /rat•24 hours after 4 hours of 
exposure and rapidly declined within 2 hours after exposure to 7-15 
ymoles F /rat*24 hours. It is unknown what the levels were during the 
4-hour exposures. Control values were re-established by 20 hours 
post—exposure.
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Figure 9. Serum levels of inorganic fluoride in rats following
single and repeated 4-hour exposures to 395 ppm CTFE. —  
Values represent the mean plus or minus the standard 
deviation, and n = 2 in all cases except the control value 
where n = 3.
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Glomerular Filtration Rate and 

Fraction of Filtered Sodium Excreted
Glomerular filtration rate is apparently not affected in these 

studies as indicated by the results listed in Table 2, with the excep
tion of a possible increase after the re-exposure of animals which had 
been pre-exposed. With respect to the fraction of filtered sodium 
excreted in exposed animals (Table 2), there was a significantly large 
increase in this value in rats receiving a single exposure to 395 ppm 
CTFE. This is indicative of a kidney with proximal tubular damage»
This increase was not observed in animals which had been pre-exposed to 
395 ppm CTFE or exposed once to 210 ppm CTFE,

Blood Analyses 
The only-anima1s—to- experience-elevated levels-ef- serum 

creatinine and BUN were those animals which received a single exposure 
to 395 ppm CTFE (Table 2). The BUN of animals exposed once to 210 ppm 
CTFE was probably raised, though this is difficult to say because of 
the small number of animals studied in this group. All other values 
were within control levels,

Fluorinated Metabolites 
Sections of kidney were taken initially from the outer cortical 

region and then later from the cortico-medullary border where necrosis 
was observed histologically. Examination of this tissue from exposed 
animals (395 ppm CTFE, exposed 1, 2, 3, 4, and 5 days) showed little 
evidence of significantly elevated fluoride content (Appendix A,



Table 2. Physiologic parameters of renal function in rats following repeated 4-hour exposures to 
210 ppm or 395 ppm CTFE.

Number.of
Level of Days of GFR Serum BUN
Exposure Exposure (mls/min) ENaa, (%) Creatinine (mg%) (mg%)
210 ppm 5 0.5+0.K (4) 19 (1)

4 0.610.1 (2) 19 (1)
3 0.710.1 (4) 23+2 (3)■ . 2 0.610.1 (3) 23 (1)
1 0.37+0.21 (2) 0.79+0.37 (2) 0,610.1 (2) 29+1 (2)

395 ppm 5 0.5 (1) 17 (1)
1 0.28+0.06 (8) 1.05+0.19 (3)* 1.210.2 (4)* 45+7 (4)*
5b 0.510.1 (2) 21+1 (2)
lb 0,510.1 (2) 17 (1) .1: lc 0.47±0.08 (4)* 0.69±0.17 (3) 0,6 - (2) 2417 (2)

Control 0 0.33+0.10. (14) 0.62+0.18 . (9) .. 0,410,1 (ID 19+2 (4)
cl ENa = excreted fraction of filtered sodium.
k Sacrificed 7 days post exposure (all other animals sacrificed 1 day post-exposure). 
C 1:1 = a single exposure, and a re-exposure 7 days later.
( ) numbers in parentheses = number of rats studied in each group.
* Significantly different from control at the 0.05% confidence limit or below.
Values represent the mean plus orhninus the standard deviation.

woo



I

39
Table A.I.). These results do not preclude the existence of ah 
unfluorinated metabolite which may have been bound to the tissue.

Also9 the efficiency of the sodium fusion technique using 
kidney homogenate is not known and may be aflimitihg.-factor in the 
detection of these proposed fluorinated metabolites of CTFE bound to the 
kidney tissue.

Histology
Sections of kidneys from exposed animals were stained with 

periodic acid-Schiff stain and examined via light microscopy. The 
kidneys were graded based on a scale of 0-3 according to the extent of 
distribution of the injury. This grading system is exemplified in 
Figure 10. Figure 10a represents a control kidney (grade 0). It can - 
be seen that most tubules possess an intact PAS-staining brush border 9 
though there may be some blebbing of the border as a result of fluid 
shift prior to fixation. In a kidney assigned a grade of 1 (Figure 10b) 9 
there is focal coagulative necrosis of the pars recta with complete 
absence of brush border in affected cells. A grading of 2 (Figure 10c) 
is characterized by a more diffuse necrosis which extends into the 
proximal portion of the pars recta and up along the medullary rays into 
subcortical areas. Finally, Figure lOd shows a kidney given a grade 3 
where the necrosis extends completely into the outer cortex, including 
portions of the pars eonvoluta of the proximal tubule» Extreme 
vacuolization is evident in the cortical proximal tubule.



Figure 10. Light micrograph of rat kidneys following 4-hour exposures 
to CTFE exampling the pathology grading system. — *
Figure (a) represents a control kidney, grade 0. Figure 
(b) examples a kidney assigned grade Ij-necrotic tubules 
are confined to the pars recta. Figure (c) is a kidney of 
grade 2; the damage involves the proximal pars recta and 
extends upwards along the medullary rays. Figure (d) is a 
kidney of grade 3j necrosis is fully extended into the 
outer cortex. PAS x 60,
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Figure 10. Light micrograph of rat kidneys following 4-hour exposures 
to CTFE exnmpling the pathology grading system. 
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Renal necrosis was observed at both concentrations of CTFE (210 

ppm and 395 ppm) and after each of the exposure days (Table 3),
Repeated exposures did elicit more injury as compared to a single 
exposure, however, only to a point: after the third day of exposure,
the damage did not worsen despite further exposure. The extent of 
necrosis observed for the rats exposed in the 210 ppm sequence was not 
as great as that observed for animals exposed to 395 ppm. It may 
appear incongruous that a grading of 2,5 was assigned to animals after 
the fifth day of exposure to 395 ppm CTFE when a grading of 3 had 
already been assigned by the fourth day of exposure. This is due to the 
extensive regeneration of the tissue which was present after 5 days. It 
must be pointed out that, in this grading system, all observable damage, 
acute necrosis or regenerating tissue, was taken into account.

Figure 11a-d illustrates the remarkable regenerative processes 
which took place in the rat kidneys throughout the exposure sequences.
The regenerating epithelial cells, which were evident within 24 hours 
after the initial (Day 0) exposure, are squamoid and somewhat flattened 
with basophilic cytoplasm. These cells have little or no brush border 
in their early stages of regeneration and the tubules are widely 
dilated. Mitotic figures are present. Regeneration progressed 
throughout the exposure sequence and, as aforementioned, was extensive 
by the last exposure.

The kidneys of rats which were exposed once to CTFE and then 
re-exposed 7-8 days later under the same conditions exhibited much less 
necrosis than animals receiving one exposure only. Figure 12 illustrates
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Table 3„ Histologic scores of rats following repeated .4-hour exposures 

to 210 ppm or 395 ppm CTFEo

Exposure Level ' -.Days-;of .Exposure . . . ....Mean Score..

210 ppm 5 2 (2)
4 2 (2)
3 2 (2)
2 Is 5 (2)
1 • . 1 (2)

395 ppm 5 2,5 (8)
4 3 (4)
3 3 (4)
2 2 (4)

• 1 2 (8)
1: la 2 (8)

a Represents pre-exposure (Day 0) and re-exposure 7-8 days later.
( ) Numbers in parentheses = number of rats studied in each group„



Figure 11. Light micrograph of rat kidneys following 1, 2, 3, and 5 
4-hour exposures to 395 ppm CTFE. —  Figure (a) shows 
necrotic pairs recta proximal- tubules in a rat exposed once; 
uninjured tubules may also be seen. Figure (b) depicts the 
earliest signs of regeneration in an animal exposed twice. 
Figure (c) shows a more advanced stage of regeneration 
after 3 exposures and Figure (d) shows very advanced 
regeneration after 5 exposures. Arrows point to regener
ating tubules (b, c). All animals were*sacrificed 24 hours 
post-exposure. PAS x 600.



Figure 11. Light micrograph of rat kidneys following 1, 2, 3, and 5 
4-hour exposures to 395 ppm CTFE. 
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Figure 12. Light micrograph of rat kidneys demonstrating the refractive 
property of tissue of rats pre-exposed one week before 
another single exposure (395 ppm CTFE). —  Figure (a) shows 
the acute injury sustained after a single exposure 
(sacrifice 24 hours post-exposure). Figure (b) shows the 
extensive regeneration present 7 days after a single 
exposure. Figure (c) demonstrates the decreased amount of 
necrosis in kidneys of pre-exposed animals. PAS x 60 
(a,b), PAS x 100 (c).
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Figure 12. Light micrograph of rat kidneys demonstrating the refract i ve 
property of tissue of rats pre-exposed one week before 
another single exposure (395 ppm CTFE). 



this point. Rats were -.exposed once to CTFE (395 ppm), sacrificed 24 
hours later, and the kidneys were assigned a grade 2 injury (Figure 12a, 
Table 3), Another group of rats were also exposed once (395 ppm) and 
were sacrificed 7 days post-exposure (Figure 12b). It can be seen that 
this tissue had undergone much regeneration in that 7-day period. 
Finally, a third group of rats was exposed exactly as the preceding two 
groups and was re-exposed 7 days after the initial exposure (395 ppm). 
They were sacrificed 24 hours after exposure (Figure 12c) and the 
degree of necrosis in these kidneys was markedly decreased as compared 
to those animals which were not pre-exposed. Interestingly, the 
kidneys of animals sacrificed 7 days after a single exposure and also 
those which had been pre-exposed and subsequently re-exposed contained 
many--regenerating cells-which .appeared, to.. have.„some_ debris ,remaining in 
the lumen. This indicated that these tubules were not being perfused 
even after 7 days of recovery without exposure.



DISCUSSION

CTFE has been shown to be a nephrotoxic agent when administered 
to rats via inhalation (1,446). The acute inhalation toxicity of this 
fluoroalkene has been described by Potter (4,5) who has reported dose- 
related changes in indices reflecting renal function in male Fischer-344 
rats. Because CTFE is an industrially employed chemical, there is 
potential for human exposure, and this exposure is likely to be on a 
repeated basis and most likely in low concentrations. It is therefore 
of toxicological interest to study those effects elicited by repeated 
exposure to CTFE. The results of this work provide insight into the 
effects" of short-term"* repeat-ed" inhaT"at±on_exposure of CTFE' on the renal 
function and morphology of male Fischer rats.

Daily measurements of water intake and urine volume were easily 
performed and exhibited obvious deviation from control during the 
exposures. A more meaningful index is urine osmolality which lends 
information as to the actual functionality of the tubules* Decreases 
in urine osmolality observed during the exposure sequences suggest that 
a deficiency exists in the tubule concentrating ability of exposed 
animals. There appeared to be, however, a rapid and complete recovery 
as evidenced by return to control levels within two days after the last 
exposure (Figure 6, 395 ppm, 5 days). Recovery was more rapid at the 
lower concentration level studied (Appendix A, Figure A.4., 210 ppm,
5 days).

46
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Urinary LDH activity ig a convenient and sensitive indicator of 

acute proximal tubular necrosis (4,5,7,11,14,18-20)« The 100-fold 
increase in activity which occured after the initial 4-hour exposure 
to CTFE (210 ppm or 395 ppm) was striking. However, the significant 
aspect with respect to repeated exposure was the subsequent rapid 
return to control values despite continued exposure and the fact that 
enzyme activity remained lowered. The positive correlation observed 
between tubular necrosis and LDH activity in the urine suggests a 
corresponding cessation or minimization of necrosis accompanying this 
normalization of LDH activity. It is true that histologic examination 
of the tissue shows a marked decline in the amount of necrosis; never
theless, necrosis does extend further into sub-cortical and cortical 
areas by the third or fourth exposure. The amount-of . LDH .found. in_ - 
these areas (PI and P2 segments corresponding to sub-cortical and 
cortical pars convolute of the proximal tubule) as determined histo- 
chemically (29) indicates that an increase in LDH excretion would be 
expected with injury to these segments. While LDH activities were 
somewhat elevated as compared to control during the exposure sequence, 
it is debatable as to whether they were very well correlated to the 
amount of necrosis observed.

The only observable elevations in serum creatinine or BUN were 
found after one 4-hour exposure to 395 ppm; an increase in BUN only 
was observed in animals exposed to one 4-hour exposure to 210 ppm CTFE. 
Thus, it would seem that plasma clearance ability is only acutely 
affected despite repeated exposures to CTFE as evidenced by return to
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control values 24 hours after 5 4-hour exposures to 395 ppm, and after 
2, 3/ 4) and 5, 4-hour exposures to 210 ppm CTFE (Table 2),

Glomerular filtration rate proved to benan extremely difficult 
measurement to obtain from rats because of their small size, and the 
values determined in this study cannot be considered conclusive because 
of the small number of animals studied and wide variations in the values* 
Except for an unexplainable and statistically significant increase in 
GFR, after a single 4-hour exposure to 395 ppm CTFE following pre-exposure 
one week earlier (with an exposure of the same duration and concentra
tion), there was no change in GFR observed 24 hours after one exposure 
to either 210 ppm or 395 ppm CTFE (Table 2)* There was, however, a 
rather significant increase in the fraction of filtered sodium
excreted in the urine after one 4-hour "exposure ~to 395 ppm CTFE * - This--
attests to severely compromised tubular reabsorptive ability, indicative 
of injury to the proximal tubule where the bulk of sodium reabsorption 
takes place (24)* Also, this correlates with the localization of 
necrosis observed histologically* This parameter was not elevated in 
rats which had been pre-exposed*

The primary agent of nephrotoxicity remains to be identified, be 
it CTFE or a metabolite of CTFE* Measurement of serum and urinary 
inorganic fluoride shows that metabolism of CTFE was taking place at 
least to the extent of defluorination. The constant and comparable 
levels of urinary inorganic fluoride excreted after repeated exposure to 
210 ppm CTFE indicate that defluorination, to the extent that it would 
occur, was complete within 24 hours after each exposure of the repeated



exposure sequence* The trend was similar for the 395 ppm exposure 
sequence, however, in this case, the possibility of accumulation or 
sequestration of inorganic fluoride or a compound undergoing defluorina
tion must be considered. The levels of inorganic fluoride seemed to 
increase after the third exposure, and it took 2 to 3 days for levels to 
return to control (Figure 8), Exposures conducted on a repeated basis 
at a higher concentration may confirm this trend.

Inorganic fluoride itself is known to promote diuresis in rats 
(25,30), however, it is unlikely that it is the etiologic agent of 
concern in this case for a number of reasons. Studies conducted by 
Whitford and -Tav.es (25) in which rats were continuously infused with 
sodium fluoride showed reduced GFR and reduced or unaffected excretions 
of filtered sodium accompanying the fluoride-induced diuresis. In the 
present, study, GFR was unaffected (or even increased) and the fraction 
of filtered sodium excreted was increased after acute 4-hour exposure to 
395 ppm CTFE. Additionally, studies of the renal effects of mettioxy- 
flurane and enflurane in which inorganic fluoride was considered the 
agent responsible for diuresis (30) showed high levels of serum fluoride 
which were maintained for up to 60 hours post anesthesia. Serum 
fluoride levels measured in this study show a return to control levels 
by 20 hours post each exposure (Figure 9), Finally, Potter (4,5) 
notes that CTFE and hexafluoropropylene (HFP) generate the same amounts 
of excreted inorganic fluoride at equal ppm concentrations, in single 
4-hour exposures to rats, but that CTFE elicited renal toxicity at lower
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concentrations than HFP. This would indicate that som,e other agent is 
involved.

With regards to possible mechanisms of bioactivation to toxic 
metabolites, several pathways of metabolism may be considered? By 
virtue of the electron-rich area of the double bond, CTFB is an 
excellent candidate for direct nucleophilic attack by tissue nucleophils* 
Additionally, Sachdev, Cohen and Simmon (31) have described the forma
tion of reactive metabolites of halogenated olefins via oxidative 
metabolism, such as epoxide formation, that may either bind to tissue 
macromolecules or form conjugates with glutathione leading to mercapturic 
acids which are .secreted in the urine. The implications with respect to 
binding to tissue macromolecules and carcinogenicity and mutagenicity 
are obvious. „ Other investigators have ..reported, the nephrotoxicity .of 
bioactivated, halogenated vinyl cysteine conjugates derived from CTFE 
(ip administration) which are injurious specifically to the pars recta 
of the proximal tubules, alike to that injury observed in this 
study after inhalation of.CTFE (32). CTFE has also been shown to 
react with glutathione in a microsomal system (liver or kidney) with or 
without addition of the subcellular fractions (33).

Cursory inspection of kidney tissue for fluorinated metabolites 
did not indicate binding of such (this applies only to fluorinated 
metabolites). If bioactivation is involved, numerous studies could be 
carried out to characterize renal changes with induction or inhibition 
of enzyme systems in the kidney. The liver does not seem to be 
affected by this compound in any way, as indicated by cursory inspection
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thereof via light microscopy in this study and in acute studies (4). 
There were no overt signs of toxicity to any other organ system besides 
''the kidney with the exception of the pulmonary system where dried blood 
was observed around the mouth and nares of rats immediately after some 
of the 395 ppm exposures«

It seems more and more evident that the nephrotoxicity elicited 
by CTFE is the result of a gradient concentration effect of the toxic 
species in the tubule (5,34). This hypothesis supposes the following: 
as the toxin traverses the proximal tubule, it becomes more concentrated 
in the filtrate (assuming it is not reabsorbed) as sodium and water are 
reabsorbed throughout the proximal tubule. This would render the distal 
portions of the proximal tubule (P3 segment) susceptible to the effects 
of the now highly concentrated toxin.. A backwards extention of the 
damage may be expected when the most susceptible portions of the tubule 
have been destroyed. Histologically, this was the character* of the 
necrosis observed (Table 3 and Figure 10).

Of course, the complexity and diversity of the kidney proximal 
tubule with respect to physiologic and metabolic function cannot be 
underestimated and may also contribute to the pattern of toxicity 
observed.

As another mechanism of nephrotoxicity resulting from inhaled 
CTFE* the ischemic model of injury may be considered. Activation of the 
renin-angiotensin system by way of a feedback mechanism to the juxta
glomerular apparatus from the macula densa may induce a reduction in the 
renal cortical circulation (35). This activation may be caused by



52
elevated sodium "chloride concentrations in the filtrate and has been 
implicated in the pathogenesis of acute renal failure in rats induced 
by mercuric chloride (21). Concerning CTFE-induced nephrotoxicity, 
this theory is unlikely in light of the fact that no reduction of GFR 
was found in these studies. These results do not preclude the 
possibility of an altered intrarenal blood flow in the pathogenesis of 
CTFE-induced nephrotoxicity. .

The most important finding of this study was a tolerance 
developed as the result of short-term repeated exposures to CTFE. The
concept, of tolerance is not new to toxicology and is best exemplified 
by the story of King Mithridates (36): so afraid of being poisoned by
his enemies was this king, that he routinely dosed himself with small 
amounts of a-mixture of many poisons-in ~order—to ■ protect- himself. - "On ~ 
the occasion of his imminent capture, his attempts to kill himself with
poison failed because of his successful concoction . . ."

The tolerance observed in this study was characterized by 
similar trends in the parameters of renal injury of rats exposed 
repeatedly (395 ppm, 4 hours per day, 5 days) and rats exposed once 
only (395 ppm, 4 hours). This is exemplified in the measurements of 
urinary LDH and osmolality, urine volume and water intake, as well as 
body weight changes through the 5-day exposure sequence. Histology 
showed that additional necrosis sustained after the third day of 
exposure was minimal and superimposed on an extensive regeneration 
process (Figure 11).
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In an effort ter gain further insight into this mechanism of 

acquired resistance, rats were exposed once (395 ppm) and re-exposed 7 
to 8 days later. They sustained less injury than animals which were not 
pre-exposed as manifested by lower urinary LDH activities and less 
severe tubular necrosis (Figures 7 and 12). The kidneys had assumed a 
degree of refractivity to the nephrotoxicity induced by CTFE.

Goldstein (37), in his chapter concerning drug resistance, has 
described several known mechanisms by which a biological system may 
become refractory to the effects of a xenobiotic. They include the 
following: 1) a decreased intracellular or target-area concentration of
the agent, 2) decreased bioactivation of the compound to a reactive 
species, if such is involved, and 3) an actual alteration of the 
susceptible area with regards to morphology or physiology.

A decreased intracellular concentration of the toxin may involve 
a number of factors —  decreased vascularity to the area, altered cell 
permeability,,or the destruction of the susceptible area. Certainly, 
the injury is a specific one, involving only the proximal tubule; the 
pars recta initially, and extending proximally to the pars convoluta. 
These injured cells repair very quickly, and it may be that the 
regenerated cells simply do not exhibit the susceptibility of the mature 
epithelial cells, be it due to a change in their permeability properties 
and/or a lack of necessary bioactivation enzymes. It is evident that 
some' of the regenerated cells are not being exposed to the toxin at all. 
Inspection via light microscopy of the regenerated tubules of kidneys 
which had been fix-perfused showed that cellular debris remained in the



lumen,of some of these cells for as long as one week after a single 
4-hour exposure to 395 ppm, CTFE (Figure 12). This would indicate that 
these cells are not being perfused because any debris would have been 
washed away by the filtrate. Therefore, these particular tubules 
cannot be considered as actually functional. Some of the regenerated 
tubules must be functioning, though, because urine osmolality and 
urinary LDH activities returned to normal despite continued exposure to 
CTFE. If a 1?renal reserve" were responsible for sustaining renal 
function, increased LDH activities in the urine should have been 
observed in addition to more severe necrosis as the exposures continued. 
This would therefore lead to speculation that a necessary bioactivation 
is not taking place.in these regenerated and functioning tubules.

The fact that an increased level of LDH was again observed after 
a re-exposure to CTFE following pre-exposure one week earlier, indicates 
that at least some of the healed tissue was again susceptible to 
injury. The target tissue, allowed a period to repair and mature, once 
again regained its responsiveness to the toxin. Balazs (16) describes 
this sequence of events -in his discussion of the development of tissue - 
resistance after exposure to many toxins of differing target tissues.
It is characterized by 1) development of a specific lesion and, /
2) development of a specific resistance of limited duration after 
administration of the toxin has been interrupted. This duration of the 
resistance appears to be correlated with the turnover rate of the cells 
of the target tissue. As has been previously stated above, this 
phenomena may be attributed to decreased vulnerability of the
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regeneratings less differentiated cell, altered metabolism or disposition 
of the toxic agent, or elimination of the susceptible cell population.

In summary, this work indicates that short-term repeated 4-hour 
exposures of male rats to 210 ppm or 395 ppm CTFE elicits nephro
toxicity with functional and morphological changes relating to injury to 
the proximal tubule. This injury appears to be reversible and is 
dose-related. Recovery is rapid and complete as evidenced by the 
following: in a 5-day exposure sequence (395 ppm), animals exhibit
changes in renal function which are comparable to those of animals 
exposed once only. Also, there is no increase in the severity of 
necrosis in animals exposed repeatedly after what seems to be a 
maximum damage incurred after the 3rd day of exposure*



CONCLUSION

Short-term repeated exposures to sublethal concentrations of 
CTFE (210 ppm or 395 ppm, 4 hours per day, 5 days) elicit changes in 
indices of renal function comparable to those found after single 
exposures to the same concentration. Histologically, renal necrosis 
(confined to the proximal tubule) was increased with repeated exposures 
to CTFE through the 3rd exposure after which, the damage exhibited was 
minimal. This suggests the development of tolerance which is probably 
due to some refractive property of the regenerated epithelium, though 
the mechanism of refractivity remains to be elucidated*

Clinically, urine osmolality was the most informative and useful 
index of renal dysfunction with respect to repeated exposures. It was 
a simple and sensitive, non-invasive measurement which showed decisive 
deviation from and return to control levels throughout the exposure 
sequence, corresponding to the histological changes observed,

The need for long-term and low-level exposures is apparent in 
order to set valid maximum allowable concentrations of CTFE in the 
workplace. Studies conducted at lower concentrations and for longer 
durations would prove meaningful with regards to studying the develop
ment of the injury as well as the recovery phase (as opposed to this 
present study in which concentrations were chosen which elicited 
necrosis after a single exposure).
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Additionally, the identity and precise mode of action.of the 

toxic agent involved needs to be studied» This information would be 
instrumental in predicting carcinogenic potential or irreversible 
injury resulting from repeated exposures to CTFE which, in light of 
recent investigations concerning the toxicity of other halogenated 
olefins, may prove of considerable significance.



APPENDIX A

SUPPLEMENTARY DATA

This section contains the graphical results of the subacute 
study performed at the 210 ppm CTFE concentration level and the 
results of the fluorinated metabolite assay (Table A.I.).
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Figure A.I. Daily body weight changes of rats following repeated 
4-hour exposures to 210 ppm CTFE. —  Initial body 
weight range was 150-200 grams. All body weights 
were normalized to 0 on Day 0 and absolute changes 
in weights were plotted. (n = 4).
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Figure A.2. Daily urine volumes of rats following repeated 4-hour
exposures to 210 ppm CTFE. —  Values represent the mean 

, plus or minus the standard deviation. (Control value
[Day 0] = 1.7 ±0.7 mls/rat•24 hours, n = 14).
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Figure A.3. Daily water intake volumes of rats following repeated
4-hour exposures to 210 ppm CTFE. —  Values represent the 
mean plus or minus the standard deviation. (Control value 
[Day 0] = 18 ± 5 ml/rat•24 hours, n = 14).
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Figure A.A. Daily urine osmolalities following repeated A-hour exposures 
of rats to 210 ppm CTFE. —  Values represent the mean plus 
or minus the standard deviation. (Control value [Day 0] = 
A107 ± 807 milliosmols/kg urine, n = 13).
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Figure A.5. Daily levels of urinary LDH excreted by rats following 
repeated 4-hour exposures to 210 ppm CTFE. —  Values 
represent the mean plus or minus the standard deviation. 
(Control value = 93 ± 52 units/rat*24 hours, n = 13).
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Figure A.6. Daily levels of urinary inorganic fluoride excreted by rats 
following repeated 4-hour exposures to 210 ppm CTFE. —  
Values represent the mean plus or minus the standard 
deviation. (Control value = 0.6 ± 0.3, n = 13).
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Table A.I. Kidney-bound organic fluoride in rats following repeated 

4-hour exposures to 395 ppm CTFE.

Number of days of t Sacrifice post-
Exposure.............exposure . (hours)

5 0 1.08,1.51.
2 1.78,1.39
4 1.27,1.39
20 1.17,1.08

3 0 1.51,2.50
2 2.29,1.39
21 1.39,1.27

2 0 1.51,6.85
2 1.51,1.51

. 19 1.17,2.50

1 0 4.89,2.11
2 2.50,1.64
20 1.08,1.08

. o 0.99,0.91 
0.91 -

Values are expressed 
cases except control

as nmoles F /30 mg wet 
where n=3.

tissue weight. n=2 in all
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