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Abstract-Solutions of glucose-3-phosphate dehydrogenase (GPD) and pectin methylesterase (PME) 
were exposed to various anesthetics and dichlorodifluoromethane (F-12) to determine the abilities of 
these chemicals to inhibit enzyme activity. An aqeuous solution of PME was exposed to saturation levels 
of the test chemicals for 30 min at 21”. All test chemicals were inhibitory (measured after release of the 
test chemical) with propane being most inhibitory followed in order by F-12, cyclopropane, Ethrane 
(F,HCOF,CCHCIF) and halothane (CF&HClBr). GPD was exposed to various concentrations of F- 
12 and halothane for various times at 0” and 33”. Halothane at 33” and a saturation concentration 
reduced the initial reaction velocity of GPD to zero after a lo-min exposure period. F-12 was somewhat 
less inhibitory than halothane, but inhibition in all instances was irreversible. Halothane was found to 
affect the circular dichroism and optical rotary dispersion spectra of GPD, with the magnitude of the 
changes generally increasing with treatment time. The observed changes were believed to arise from 
side-chain transitions of GPD. 

Short-chain halogenated hydrocarbons (SCHs) and 
anesthetics are known to associate with proteins in 
an aqueous environment [l], often resulting in con- 
formational changes [2,3] and in inhibition of 
enzymes and of some metabolic activities [4-131. 
In simple, non-cellular systems, the effect of these 
chemicals on proteins is direct and probably involves 
charge-charge interactions or hydrophobic associ- 
ation [S, 91. In cellular systems, these chemicals are 
believed to have profound effects on membranes, 
but it is not clear whether membrane proteins are 
directly affected or whether the chemicals affect the 
proteins indirectly by altering the structure of mem- 
brane lipids [4,14]. In any case, anesthetic gases 
generally affect soluble enzymes less than mem- 
brane-bound enzymes [4]. Studies of the effects of 
anesthetic chemicals and similar compounds on pro- 
teins and enzymes are important not only to gain a 
greater understanding of anesthesia, but also to 
assess whether these chemicals are potentially useful 
as a means of inhibiting enzyme activity in foods. 

The purpose of this study was to investigate the 
effects of several anesthetics and dichlorodifluoro- 
methane on the activities of pectin methylesterase 
(PME) and glyceraldehyde-3-phosphate dehydro- 
genase (GPD). Pectin methylesterase was selected 
because it is important in fruit ripening and food 
processing, and glyceraldehyde-3-phosphate 
dehydrogenase was selected because it is an impor- 
tant metabolic enzyme that has been studied 
intensively. 

* Author to whom all correspondence should be 
addressed. 

MATERIALS AND METHODS 

Test chemicals. Test chemicals included di- 
chlorodifluoromethane (F-12) (CC12Fz, E.I. du Pont 
de Nemours & Co., Wilmington, DE, food grade), 
propane (CH3CH2CH3, Matheson Gas Products, 
Inc., 99.0% pure), cyclopropane (CJH6, Liquid Car- 
bonic Co., U.S.P. grade), halothane (CFaCHClBr, 
Fluothane, Ayerst Laboratories, anesthetic grade) 
and Ethrane (FzHCOF2CCHCIF, Ohio Medical 
Products, research grade 99.9% purity). These 
chemicals were selected because: (a) their effects on 
enzymes are potentially important and little studied, 
(b) all except F-12 and propane are general anes- 
thetics and are regarded as nontoxic and moderately 
inert at concentrations used clinically, (c) F-12 is 
approved by the Food and Drug Administration 
(U.S.) as an immersion freezant for foods, and (d) 
vapor pressures of the chemicals at room tem- 
perature are within reason for practical applications. 

To compare the relative effects of the various 
test chemicals used in this study it was considered 
appropriate to express concentrations in terms of 
fractional saturation values, C/C,, where C is the 
weight of chemical dissolved in the liquid medium 
and C, is the solubility of the gas in the liquid medium 
at the same temperature and pressure. The fractional 
saturation value is an approximation of chemical 
potential [15] and is considered to be an appropriate 
means of expressing concentration in studies of this 
kind [16,17]. To estimate the fraction of saturation 
achieved, it was necessary to obtain values for the 
solubility of test chemicals in the liquid phase and 
the amounts of test chemicals that existed in the 
vapor space under the conditions used. The solu- 
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bilities of both test chemicals in water were deter- 
mined experimentally. In the case of F-12, the experi- 
mental solubility value differed less than 2% from 
the value reported by du Pont, Inc., so du Pont 
values were used at the two temperatures. For 
halothane, no reliable solubility values were found 
so total reliance was placed on experimental deter- 
mination of solubility at various temperatures using 
a gas chromatographic procedure. The solubilities 
were 0.325 + 0.045% (w/v) (95% CL.) at S’, 
0.276 t 0.036% (w/v) at 26” and 0.230 f 0.030% 
(w/v) at 36”. The desired values at 0” and 33” were 
obtained graphically. The amount of test chemical 
occupying the vapor space was determined based on 
published vapor pressure values. 

The procedure used to calculate fractional satu- 
ration values involved an assumption that the solu- 
bilities of test chemicals in water were the same 
as those in the test solutions. This assumption is 
considered appropriate since the error involved is 
likely to be small. For example, solubilities of oxygen 
and nitrogen in water and plasma differ only 2.5% 
(cu. 0.3 M in dissolved particles) [18]. The solutions 
employed in this study had concentrations ranging 
from about 0.2 to 0.4 M, so errors of a similar mag- 
nitude should have occurred. 

To determine the amount of test chemical present, 
an aerosol can (200 X 202, double-epoxy lined, stain- 
less steel cap) containing all reaction constituents 
was weighed, the test chemical added, the cap 
secured and the can reweighed. 

Enzyme. Pectin methylesterase (PME) 
(EC 3.1.1.11) catalyzes demethylation of pectin 
resulting in release of methanol and a decline in pH. 
A unit of PME is defined here as that amount of 
enzyme that will cause a decline in pH from 7.30 
to 7.19 in 10 min under specified conditions. Test 
samples contained 25 ml of 0.5% (w/v) pectin 
(Grade II, Sigma) in 0.1 M NaCl, and 0.48 pg PME 
enzyme. The pH was adjusted to 7.30 + 0.01, and 
this moment was regarded as “zero” time. The extent 
of enzyme reaction was determined by measuring 
the decline in pH [19]. PME activities of treated and 
control samples were determined from a standard 
curve of change in pH versus reaction time. 

The activity of glyceraldehyde-3-phosphate 
dehydrogenase (GPD) (EC 1.2.1.9) was determined 
by the method of Velick [20] which involves measure- 
ment of the increase in NADH at 340nm, with 
arsenate (disodium arsenate *7H20, reagent grade) 
substituted for inorganic phosphate (the normal 
physiological reactant). 

The basic 5. l-ml sample consisted of 1.44 ml of 
Tris buffer (0.5 M, pH 7.4, 0.25 ionic strength), 
0.04 ml of 0.02 M NAD+ (beta-DPN, NAD+, Sigma 
Grade III, yeast source, Sigma Chemical Co., St. 
Louis, MO), 0.12 ml of 0.1 M L-cysteine (free base, 
Sigma) and 0.10 ml of 0.0044 M GPD (yeast source, 
3x crystallized, Sigma). This solution was agitated 
for 10min to allow GPD to associate with NAD+ 
and cysteine, thereby favoring maximum activity. At 
the conclusion of the treatment period, a 1.7-ml 
aliquot was removed from the aerosol container and 
placed in a cuvette containing l.Oml of 0.0044M 
glyceralde-3-phosphoric acid and 0.3 ml of 0.17 M 
disodium arsenatee7HrO (reagent grade). The 
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absorbance 340,, increase was monitored for 1 min, 
and the reaction rate was determined. First-order 
reaction kinetics with respect to GPD concentrations 
prevailed during this period. 

The initial reaction velocity of a treated sample 
was usually compared to that of an untreated sample 
and the result reported as “percent activity remain- 
ing” after treatment. When GPD activity was 
reported in absolute units, a molar extinction coef- 
ficient of 6.22 x lo6 for reduced nicotinamide aden- 
ine dinucleotide (NADH) was used to convert A 
absorbance/min to moles NADH. In this instance, 
a unit of GPD activity at 33” was that amount of 
enzyme that oxidized 1.0 pmole of NAD+ to NADH 
per min at pH 7.4. 

General procedure. The enzyme solution was 
added to the aerosol can, and the desired test chemi- 
cal was added in liquid form. Those chemicals with 
relatively high vapor pressures were added through 
the valve of the attached aerosol cap by means of a 
high pressure buret [16], whereas those with rela- 
tively low vapor pressures were added by means of 
a syringe prior to attaching the aerosol cap. 

In the studies involving PME, the test chemicals 
were added at a fractional saturation value of 1.25, 
with the vapors in the headspace being accounted 
for in this calculation. At 21”, 0.27 g halothane, 
0.9Og cyclopropane, 2.1 g F-12, 1.1 g-propane, 0; 
0.4 e Ethrane were reauired to achieve 1.25 satu- 

L 

ration(s). PME samples were allowed to react for 
30 min at 21”, while being agitated on a platform 
shaker for 28 min at 120 cpm. 

The authors are unaware of any other study that 
has dealt with the effects of anesthetics or short- 
chain halogenated hydrocarbons on the activity of 
PME. However, some of the test chemicals in Table 
2, or similar chemicals, have been shown to exhibit 
inhibitory effects against enzymes other than PME 
[4,5,24-261. 

In the studies involving GPD, the test chemicals 
were used at several concentrations and at tem- 
peratures of 0” and 33”. The weight of test chemicals 
needed to achieve various fractions of saturation are 
indicated in Table 1. GPD samples were agitated on 
a platform shaker for various times at 180cpm. At 
the conclusion of the test period, the pressure in the 
container was released over a lo-see interval, the 
sample temperature readjusted to the original value, 
and the sample removed and analyzed. 

GPD in aqueous solution was exposed to halo- 
thane or F-12 at a concentration of 1.25s. Results in 
Fig. 1, expressed in terms of initial reaction velocity, 
show that both halothane and F-12 inhibited GPD 
activity and that the extent of inhibition increased 
greatly with treatment time. At 33”, samples exposed 
to halothane for 10 min or to F-12 for 20min 
exhibited no significant GPD activity. At O”, GPD in 
the presence of halothane became virtually inactive 
after 30 min, whereas F-12 at 0” failed to completely 
inactivate GPD during a lOO-min exposure period. 

Circular dichroism (CD) and optical rotary disper- The effects of various concentrations (1.25, 0.62, 
sion (ORD) measurements. CD and ORD meas- 0.31, 0.155, 0.077s) of halothane and F-12 on GPD 
urements were performed with a Jasco spectro- activity were examined at 33” and 0”. Four treatment 
polarimeter, model J-20 (Japan Spectroscopic Co., times were selected for each combination of chemical 
Ltd., Tokyo, Japan). A path length of 0.5 was used, concentration and temperature. From the results 

and the enzyme concentration was 4 mg/lOO ml or 
less. The enzyme concentration was calculated from 
absorbance measurements at 28Onm, using the 
extinction coefficient reported by Krebs et al. [21]. 
Ellipticities and specific rotations were corrected for 
path length and protein concentration [22]. Mean 
residual rotations based on 233 nm troughs in the 
ORD spectra were calculated using a mean residual 
weight of 109 for GPD [23]. 

RESULTS AND DISCUSSION 

The effects of halothane, F-12, Ethrane, cyclo- 
propane or propane at a concentration of 1.25s on 
the ability of PME to catalyze demethylation of 
pectin in aqueous solution at 21” were investigated. 
Four replicates were used for each treatment along 
with suitable controls. From the results in Table 2 it 
is evident that all test chemicals significantly reduced 
the activity of PME, with propane being the most 
inhibitory and halothane the least. The effectiveness 
of propane would suggest that hydrophobic associ- 
ations are involved in the inhibition. 

Table 2. Activity of pectin methylesterase as influenced by various chemicals administered 
at saturation values of 1.25 

Units of activity? 
(295% C.L.) 

Test 
chemical* ControI$ Treated$ 

Activity treated 
Activity control x 100 

Propane 
Dichlorodifluoro- 

methane 
Cyclopropane 
Ethrane 

0.48 1c- 0.05 0.18 t 0.03 38 
0.66 f 0.05 0.30 2 0.07 45 

0.57 +- 0.08 0.30 t 0.05 57 
0.61 -c 0.09 0.41 * 0.04 67 

Halothane 0.58 ? 0.05 0.42 2 0.04 72 

* All samples were allowed to react for 30 min at 21”, with agitation imposed for 28 min 
at 120 cpm. 

‘F A unit of enzyme is defined as that amount of enzyme which will cause a decline in 
pH from 7.30 to 7.19 in 10 min under the conditions specified in the text. 

$ Means of four replicates. 
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Fig. 1. Effects of halothane and dichlorodifluoromethane 
on the activity of glyceraldehyde-3-phosphate dehydro- 
genase (chemical concentration, 1.25s; agitation, 180 
cycles/min; treatment temperatures, 0” and 33”). One unit 
of enzyme reduces 1 mole of NAD+ per min under con- 
ditions of the experiment. Each point on the graph rep- 

resents a single observation. 

presented in Fig. 2 it is evident that chemical con- 
centration, treatment time and treatment tem- 
perature all had significant effects on the extent of 
GPD inactivation. When halothane was applied at 
low concentrations (0.077 and 0.155s) at either 0” or 
33”, only a slight loss of GPD activity occurred even 
after the longest treatment times (Fig. 2, a and b). 
As the concentration of halothane was increased, 
GPD was more rapidly inactivated at both tem- 
peratures, with a concentration of 1.25s at 33” reduc- 
ing GPD activity to 7% of the control value after 
3Smin. At the higher concentrations (0.31, 0.62, 
1.25s) and at any given treatment time, halothane 
was always more inhibitory at 33” than at 0”. 

Results with F-12 (Fig. 2, c and d) were similar 
to those with halothane except that F-12 was less 
inhibitory than halothane at any given condition. 
The comparative inhibitory effects of halothane and 
F-12 are in accord with that reported by Lund et al. 
[25] in their study involving invertase, and with that 
of Laverty and Fennema [27] in their study involving 
malate dehydrogenase, NADH dehydrogenase and 
GPD from Eschericha cc&. It is interesting, however, 
that PME was inhibited to a greater extent by F- 
12 than halothane. This result was unexpected and 
cannot be explained from the information available. 

The energy of activation (E,) for inactivation of 
GPD was calculated using data from Fig. 2. In the 
temperature range 0” to 33”, the calculated E, value 
for inactivation of GPD by halothane (concentration, 
1.25s) was 3400 Cal/mole and the calculated E, value 
for inactivation of GPD by F-12 (concentration, 
1.25s) was 2200 Cal/mole. These E, values are quite 
low compared to values obtained when enzymes are 
denatured by heat. E, values for heat inactivation of 
lipase, amylase, pepsin, trypsin and invertase are 
in the range of 40,000-60,00Ocal/mole [28]. The 
calculated E, values for inactivation of GPD are also 
low when compared to an E, of 12,500 Cal/mole for 
a typical chemical reaction in which the reaction rate 
doubles with a 10” rise in temperature. 

The activation energy for diffusion of non-elec- 
trolytes at low concentrations in liquid solutions is 
about 600cal/mole [29]. Thus, the calculated E, 
values for GPD inactivation compare more closely 
to the E, for a diffusion process than to those for 
either a typical chemical reaction or heat de- 
naturation of enzymes. This suggests that the rate at 
which GPD is inactivated by halothane and F-12 may 
be closely related to the rate at which the hydro- 
carbon derivative diffuses to the enzyme in solution. 
If this is so, an increased rate of GPD inactivation 
should occur when the vigor of agitation is increased. 
This relationship is observed in Fig. 3, at agitation 
rates in excess of 60 cpm. 

Although it is clear that halothane and F-12 can 
temporarily inactivate GPD, it was considered desir- 
able to determine whether this activation is perma- 
nent. Agitated solutions of GPD at 0” and 33” were 
treated for various times with halothane or F-12, 
each at a concentration of 1.25s. At the conclusion 
of the treatment the chemical was released, control 
and treated samples were sparged with moist nitro- 
gen gas for 30 min, and the samples were then held 
quiescently in a constant temperature bath at 33”. 
Enzyme activity was determined at 0, 0.5, 1, 2 and 
4 hr after removal of the test chemical. None of the 
treated samples exhibited increased GPD activity 
during a 4-hr period following release of the test 
chemicals (data not shown). 

Additional samples containing GPD were treated 
with halothane for a length of time sufficient to cause 
total inactivation of GPD. Halothane was sparged 
from the samples, as described, and they were then 
allowed to stand at room temperature. None of the 
samples exhibited GPD activity during a 22-hr period 
following release of halothane. Control samples 
retained 76% of their original activity after the 22- 
hr holding period. 

These results indicate that unbound halothane or 
F-12 can be removed almost completely from treated 
samples without causing any increase in the activity 
of GPD. Thus, it can be concluded that halothane 
and F-12, as employed in these studies, inhibit GPD 
irreversibly. 

This finding agrees with that of Warmbier et al. 
[24] wherein they found that liquid F-12 inhibits o- 
diphenoloxidase irreversibly. However, other inves- 
tigators have treated microsomal tissues with low 
concentrations of halothane or diethylether and 
found inhibition of ATPase and glucuronyltransfer- 
ase to be reversible [30,31]. Treatment time, con- 
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Fig. 2. Effects of various concentrations of halothane (a and b) and dichlorodifluoromethane (c and d) 
on the activity of glyceraldehyde-3-phosphate dehydrogenase at 0” and 33” (agitation, 180 cycles/min; 

pH 7.4). Each variability symbol represents a range of three observations. 

centration of the test chemical, and other factors 
may influence whether inhibition is reversible. 

An additional experiment was conducted to deter- 
mine if the presence of various solutes influences the 
ability of halothane to inactivate GPD. Halothane 
at a concentration of 1.25s was applied to samples 
containing GPD, buffer and one of various solutes. 
Samples were maintained at 33” and agitated for 
4 min at 180 cpm. Halothane was then released and 
GPD activity was determined. Results in Fig. 4 indi- 
cate that the presence of 5% (w/w) dextrose or 1% 

41 1 

0 60 120 I60 
AGITATION RATE 

Fig. 3. Initial reaction velocity of glyceraldehyde-3-phos- 
phate dehydrogenase as influenced by various agitation 
rates during exposure to halothane (1.2%) for 10 min at 
27”. Key: (A-A) control (no agitation), and (W) 

treated. 

(w/w) soluble starch (A.C.S., Allied Chemical) had 
no significant effect on the ability of halothane to 
inhibit GPD. When the substrate, 0.0016M gly- 
ceraldehyde-3-phosphoric acid (G-3-P)) was present 
during treatment with halothane, lower activities 
were observed for both control and treated samples. 
However, inhibition was such that the relative dif- 
ferences in activities of control and treated samples 
were similar to those obtained when no G-3-P was 
present during treatment. The lower GPD activities 
in samples containing G-3-P are presumably attribu- 
table to instability of G-3-P in the buffer, resulting 
in a lower substrate concentration at the moment 
activity was being determined. For samples con- 
taining G-3-P prior to treatment, the enzyme reac- 
tion was initiated by adding arsenate. 

When 5% (w/w) bovine serum albumin was pre- 
sent in the samples, inactivation of GPD by halo- 
thane was very slight, indicating that albumin had a 
protective effect. The ineffectiveness of halothane 
when albumin was present may have resulted from 
hydrophobic association of halothane with albumin 
thus lessening contact of halothane with the enzyme. 
Laasberg and Hedley-White [3] showed that addition 
of serum albumin to pure water greatly increases 
the solubility of halothane, indicating a significant 
association between albumin and halothane. 

The ability of halothane to inhibit GPD activity, 
and reports that various anesthetic gases (including 
halothane) alter protein structure [2,14], stimulated 
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Fig. 4. Effects of various solutes on the ability of halothane to inhibit glyceraldehyde-3-phosphate 
dehydrogenase (halothane concentration, 1.25s; temperature, 33”; treatment time, 4 min; agitation, 180 
cycles/min). Each variability symbol represents the range of three observations; for data without 
variability symbols, variability was too small to indicate. One unit of GPD activity is the amount of 

me that reduces 1 ,umole of NAD+ per min under conditions of the experiment. Solutes used: 5% 
;wT) d ex t rose, 1% (w/w) soluble starch, 0.0016 M glyceraldehyde-3-phosphoric acid (G-3-P), and 5% 

(w/w) bovine serum albumin. GPDS is GPD enzyme in Tris buffer (pH 7.4; ionic strength 0.25). 

a study of the effect that halothane has on the struc- 
ture of GPD. Optical rotatory dispersion (ORD) and 
circular dichroism (CD) were chosen as techniques 
to observe possible changes in protein structure. 

Halothane at a concentration of 0.31s was applied 
to aqueous solutions of GPD in 1 nM EDTA 
(pH 7.4) for 2, 6, 10 or 14 min. This concentration 
of halothane was selected because it resulted in 
reasonably slow but significant inactivation of GPD, 
thus making structural changes in the enzyme rela- 
tively easy to follow. Following treatment, only 
samples retaining more than 50% of their original 
activity were analyzed since greater inactivation 
resulted in turbidity that interfered with CD and 
ORD measurements. 

Figures 5 and 6 are the CD and ORD dispersion 
spectra, respectively, of untreated and halothane- 
treated GPD. These curves represent duplicate 
observations at each treatment time. The negative 
ellipticity band observed in the 215 nm region of 
the CD spectrum for untreated GPD (yeast origin) 
agrees with reported observations on rabbit-muscle 
GPD; however, the bands in the 250-280 nm range 
have a more positive ellipticity than those for rabbit- 
muscle GPD [32-341. Some possible explanations for 
this discrepancy are differences in the origin of GPD, 
pH and/or purity of, the enzymes used. 

When halothane was applied to aqueous solutions 
containing GPD (Fig. 5), the CD bands diminished 
in the 250-300 nm range and the large band at 215 nm 
was virtually unaffected. Changes in bands at 250- 
300nm became more prominent as the treatment 
time was increased. Changes in ellipticity bands in 
this area of the U.V. range are usually attributed to 
side-chain transitions of aromatic amino acids in 
asymmetric environments [35]. The lack of change 
in the far U.V. range indicates that little change 

occurred in the peptide backbone structure of GPD 
when it was exposed to halothane [35]. 

The negative rotation at 233 nm in the ORD spec- 
trum of untreated GPD is characteristic of this 
enzyme (Fig. 6). The magnitude of this rotation, 
expressed as mean residual rotation, was -3900 and 
this value falls within the range of -3300 to -4120 
that has been reported for yeast and muscle GPD 
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Fig. 5. Effect of halothane on the circular dichroic (CD) 
spectra of glyceraldhyde-3-phosphate dehydrogenase 
(halothane concentration, 0.31s; GPD concentration, 
3 mg/lOO ml; 1 mM EDTA present in solution; pH 7.4; 
samples agitated at 180 cycles/min during treatment; 

numerals on curves indicate treatment time in min). 
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Fig. 6. Effect of halothane on the optical rotatory dispersion 
(ORD) spectra of glyceraldehyde-3-phosphate dehydro- 
genase. See the legend of Fig. 5 for experimental details. 

[23,32,36-381. The amount of rotation at 233 run 
first decreased and then increased back to the original 
value as treatment time was increased. Attaching 
structural meaning to these transitions at 233 nm 
is questionable when, as is apparently true in this 
instance, extensive interference exists between side- 
chain and aromatic amino acids [38]. The above 
experiment was repeated (data not shown), and 
essentially the same results were obtained. 

These results are in good agreement with those of 
Balasubramanian and Wetlaufer [2]. They observed 
alteration of the structure of Plactoglobulin when 
various anesthetics (one of which was halothane) 
were applied. Their results suggested rearrangement 
of side chains of the protein rather than alteration 
of the backbone structure. Schoenborn 1391 applied 
cyclopropane to myoglobin, and drew similar con- 
clusions based on analysis by X-ray diffraction. 

Laasberg and Hedley-White [3] applied halothane 
to a hemoglobin solution and observed a less negative 
rotation at 233 nm in the ORD spectrum than that 
which occurred with untreated hemoglobin, After 
comparing this observation with results obtained 
when alpha- and beta-hemoglobins were treated with 
halothane, they suggested that halothane binding 
produces a change in the beta-structure of the protein 
molecule. Inoue and Timasheff [40] exposed solu- 
tions of Plactoglobulin to increasing concentrations 
of 2-chloroethanol. The CD and ORD curves indi- 
cated that the a-helix content of Plactoglobulin 
increased with exposure to increasing concentrations 
of 2-chloroethanol. 

Thus, it is abundantly clear that the anesthetic 
gases and the short-chain halogenated hydrocarbon 
tested here, when used at or near saturation levels, 
have strong inhibitory effects on PME and GPD. 
These effects are irreversible and involve structural 
changes, at least in GPD. 
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