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Acrylamide Neurotoxicity: Role of Oxidative Metabolism
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[1. Specific Atms of Previous Grant

I. To determine whether or not acrylamide selsctively inhibits the
activity of oxtdalive enzymes in neural tissues.

A variety of quantitative histochemical and biochemical assays for
gxidative enzymes in neuraz] and non-neural tissues after exposurs to
acrylamide and its non-neurctoxic analoque methylene bis acrylamide were
proposed to determine the specific inhibition by the neurotoxicant.

2. To determine whether or not fnhibition of glycolytic {previously
reported) and/or oxidative enzymes by acrylamide produced 23 decreass in
high energy phosphates in peripheral asrves.

Bicluminescence assay for ATP and creatine phosphate (LP) in the
periphers] nerves of animals exposed to acrylamide were proposed to detect
such changes, In addition, the ability of ATP production by isolated
mitochondria in the presence of exogenous pyruvate was fncluded to
differentiste an effect upon cxidative ss compared to glycolytic
metabolism,

3. Te determine whether or not & correlation betwsen the reduction in
axoplasmic transport was parzileled by & decrezse in high energy
phosphates,

Fast anterograde transport rates and capacities of nerves sxposed to
increasing concentrations of acrylamide were compared to ATP plus CP
Tevels in the nerve of the opposite limb.

111. REPORT
1. Effects of acrylamide upon oxidative enzymes.

Intraperitoneal acrylamide injections of 50mg/kg/day were given
for efther 5 or 10 days, controls received saline vehicle only,
Quantitative histochemical assays for NADH-tetrazolium reductass {NADH-TR)
activity {composite of lipoamide dehydrogenase activity of pyruvate and
zlpha-ketoglutarate dehydrogenase complexes and NADH dehydrogenase of the
electron transport system) in two motoneursn types demonstrated & 17-20%
decrease in NADH-TR activity in one motoneuron type. A progressive
decrease in retrograde transport of horseradish peroxidase from the muscle
to the motoneuron occured in the same motoneurons. This was the first

report of inhibitfon of an enzyme of oxidative metabolism b &crylamide,
(Sickies and Goldstein. Second Internat Conf Selected Neurgto: E;en.

Chicago, 1983; Sickles snd Goldstein, Toxicol Lett 26:111-118,1985)
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2. Time-course and dose-dependent inhidbitien of XADH-TR activity

The acute effects of ACR upon RADH-TR activity and Inhe recovery Lime
were sssessed by measuring this enzyme activity in moloneurons following 2
single 50 mg/kg ip injection of ACR. The NADH-TR activity decreased
rapidly, & significant change occured in 1/2h, the saximum decrease of J5%
was 2% 1h. A direct enzyme fnhibition by scrylamide {not a metabolils) was
concluded. Following an acute fajfection, the activity slowly recovered to
control levels in 72 hours indicating ACR did not {rreversibly damage the
neuron oxidstive metabolism. In vitro tncubation of spinzl cord sections
tn buffer with varying doses of acrylamige showed & dose-~dependent
innibition of NADH-TR activity in motoneurons from 1-10m# ACR; the maximum
was 54% at 10mM [Sickles and Goldstein. Neurotoxicol F:187-196, 19B86].

3. Chemical specificity

The effect of a non-neurctoxic analogue, methylene bis acrylamide
(MbACR}, on KADH-TR activity in vive and in vitro demonstrated the
specificity of action of the neyrotoxicant upon this enzyme. MDACR
injection at equimolar doses to ACR produced only 6.7% inhibition of
NADH-TR activity in motoneurons compared to 33.4% Dy ACR. In vitro
incubation of tissue sections with MDACR produced & maximum inhibition of
147 of NADH-TR activity at 3mM. This datz supports the imporiance of
NAD®-TR activity innibitions as & key site of action since the
non-neurotoxic analogue is less sffective in enzyme innibition., {Stckles,
Goldstein, Pesrson., Toxicologist 5:199,1985; Sickles and Goldstein.
Heurotoxicol 7:187-196,1985.}

4. Neural specificity of ACR and MbACR action (Fiqure 1)

The effects of ACR and & non-neurotoxic anzloque upon the XADH-TR
activity of neural and non-neurzl tissues were determined. A single dose
sf 50mg/kqg ACR or equisolar RBDACR (108.4mg/kg) or saline control was given
in prior to sacrifice. In 15 animals {5 in each group}, the sctatic nerve
in the distal thigh had been ligated three days prior to injection. The
nerve swelling on the proximsl side of the ligation served 3s 2
concentrated poo! of axonal enzyme activity. it sacrifice severzl neur:sl
and non-neural tissues were processed for quantitative nistochenical
assays of NADH-TR activity. ACR produced & significant decresse in eniyme
activity in azons {9.5%). Purkinje cerebellar neurons (17.3%) and in ORG
neurons (17.8%). No significant effect of ACR on kidney cortical tubuie
cells, stomach parietal cells or hepatocytes or NbBACR upon any of the
tissues (except cerebellar Purkinje neuronsj was observed, We concluded
that ACR specifically inhibited neural-specific NADH-TR activity. The
tissue specificity of ACR enzyme inhibition may be explained by
glutathione buffering capacity; f.e. the tissue concentration of
glutathiocne is inversely related to the enzyme inhidbition {fiqure 1 &
table 2).

Although these data supported the energy hypothesis, two gisturbing
points were raised. First, the degree of neural enzyme inhibitions was
lower than previously reported in the motoneurons; ratsing the issue as {o
the physiclogics] or pathological gsignificance of the findings. Second,
the inhibition of cerebellar Purkinje neuron NADH-TR activity by the
non-neurstoxic analogue should result in & significant

&
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effact ypon thess neyrons. 10 Our knowledge, such 2n gbseryation has not
been repartec.

4 similar study has been conducted ysing single doses of faM 2 .5HD and
§.25m¥ DMHO., Neither of these chemicals produced significant changes in
nsural or non-neural tissues, sxgept DMHD 4n dorsal root ganglion neurons
(tablie 1}{Pearson and $ickles. Toxicologist 7:131, 1987; two manuscripts
submitted}.

g . Lipoamide cenygrogenase (LpUH) and cytochrome ¢ reductase (CCR}
activity

The NADK-TR activity prevtously discussed s & composite of activitly
from LpOH ang CCR enzymes. The effect of ACR upon these specific enzymes
in neura! and non-seyral U1SSugs was examined severzl ways.

5. tn sivo gssays in neural and aon-neural tissues {fiqures 2 & 3}.

inimals were given single 50 mg/kg dosas of acrylamide or satine
venicle only. The brain, spinal cord, liver, kigney and stomach wers
removed under pentobarbital anesthesisz one hour tater. Homogenates of
train and spinal cord showed & 16 and 16.7% decrease of LpOH activity from
control and 8.7 and 14.9% decrease in CCR activity, respectively. LpDH of
kidney and stomach was decreased 71.7 and 123, respectively. No other
decreases were significant.

b. in vitro dose response of CCR to ACR {Figure 4]

Tissue homogenates were fincubated at 37 £ for 30 minutes with
varying doses of acrylamide. No preincubstion or cold preincudation of
toxicant with tissue resulted in the absence of an effect. Unfortunately,
the preincubation causel vatal loss of LpDH activity even in Lhe presence
of ssveral protease inhibitors; data on the effect of the toxicant was nol
obtained. Innibition of brain/spinal cord, ORG and stomach CCR activity
was significant. Inhibition of 29.6, 11, and 16.3% by 1 mN ACR was
observed for these tissues, respectively. Liver and kidney were
unaffected.

c. in vitro assays of neuron-enriched brain fractions (figures 5 & 6)
Xeyron-enriched fractions of rat cerebral cortex were obtained by
gisruption of tissue by forcing through progressively finer screens and
gradient centrifugatiocn in sucrose/ficoll gradients and verified under
tight microscopy. The fractions were exposed to lmM ACR for 30 minutes at
37 € (figure 5). Assays showed & highly significant inhibition of both
LpDH (-4%5.8%) and CCR (-16.9] activity {fig 8).

d. in vivo sssays of neuron and glial fractions (fig 7}

Agult Sprague-Dawley rats were given 50 mg/kg ACR in & single ip
injection {or saline vehicle for controls) and sacrificed one hour later;
their brains were processed as i1tustrated in figure § for neuron anc
glial fractions and assayed for CCR and LpO# activities. CCR activity of
neurons and glial fractions were reduced 25 and 27%, respectively,
fo1lowing ACR exposure. &11al LpDR activity was reduced 29%; neuronal LpDR
activity was inhibited by 11%.

The hiochemical data on LpDK and {CR activity in gen ]
the NADH-TR histochemical data with the e:ttptlc% of ?%a*&?én%%ﬂ*?ﬁ1§ ;Er

be due to sampling of only cortical subules fn the nistochemical methods




while biochemical methods incorporated the entire organ. In general,
neural tissue enzymes were mors significantly sffectec than non-neural.
However, kidney and stomach LpOK activity and stomach CCR activity were
decrsased also. Inhibitions of these enzymes in glial and non-neural
tissues which equal or exceed those in neyral tissves is evidence against
these enzymes as being the critical site of neuratoxicity. With the
exception of the 29.6% inhibition of central nervous sytem #nyImes by Imt
acrylamide, the percent change in enzyme sctivities appear insufficient to
cause significant depletion of high energy phosphates. (Sickles.
Toxicologist 7:132, 1987; manuscript submitted)

&. Mitochondrial ATP production

Rat brain mitochondriz were {solated (figure 8) and preincubated with
£.73 m® acrylamice {equivalent to 50mg/kq single dose} or in phospnate
buffer only &t 37 C for 30 minutes. ATP production by the mitochondria in
the presence of exogenous substrate is measured with 2
tuciferin-luciferase biolumtnescence assay in 2 scintillation counter
(11lustrated in figures 9, 10, § 11}. Absence ¢f pyruvate [substrate) or
addition of Im¥ dinitrophens! (uncoupier of oxidative phosphorylation)
completely inhibited the production of ATP. Acrylamide gid not
significantly &ffect the rate of production of ATP {table 3} nor the
endogenous concentration of ATF {table 7). 8rain mitochondria from rats
receiving SO0mg/kg/day for 5 days showed an 113 reduction in ATP production
rate.

This project was expanded to evaluate the effects of the other
neyrofilamentous axonopathy-producing neurotoxicants on the same
functions. OMHD {D0.25mM) preincubations had no effect upon mitochondrial
ATP production or content (tables § & 7). IOPN (0.1%) reduced the rate of
ATP production 16.3% (table &) but did not change the endogenous ATP
content of the fraction (table 7). However, 4mM HD sfonificantly reduced
both the rate of production {22.2%} (table 4} and endogenous ATF content
{22%){table 7). Ritochondrial ATP production does not azppear to be Lhe
common site of action of these toxicants. HD may cause & geners] toxicity
through inhibited mitochondrial function or changes specific to 2.5-H0
toxicity may be caused by this differential sffect upon mitochondria, The
11% reduction in ATP generation Dy chronically-exposed ACR would be /
insufficient to produce & neuropalhy.

{Sickles, Fowler, Testino. Toxicologist 7:132, 1987; manuscript
submitted

7. Axoplasmic Transport and Nerve High Energy Phosphates (figure 12, 13,
14, table 8,9).

The effect of 50-100 mg/kg single doses of acrylamide upon fast
anterograde axoplasmic transport rate and capacity as well &5 ATP ang (P
contsnt of the aerves have been determined. Figure 12 shows the typical
downflow of radioactivity in the sciatic nerve following DRG injection
with 1H-leuctne. ACR produced a dose-depeéndent decresse in rate
{$.2-20.7%) and capacity (42.5-51.3%] of transport by 50 and¢ 100 ogfkg
ACR, respectively #fiqurts 13, 14 & table 8§,9). Matched data for ATP plus
{P levels and axoplasmic transport in the same animal {opposite Timbs} it
available for 50 and 100 mq/kq ACR-exposed animals as shown in figure 15.
By comparing the data in figure 12 with figure 15, it is obvious that the
rate and capacity for transport are decreased while the high energy
phosphates are not significantly affected. In addition, we have sssayed
for ATF and CP in nerves

p T —
T ——



of snimals exposed to & single 50my/kq dose of ACR for 1,2, or 3 hours to
determine if transient changes in high energy phosphates occur (Fig 1&).
While slight decreases in ATP were found 1 hour post injection and slight
decreases in CP at 1-2 hours, none of the changes were significant (figure
15). ¥We conclude that ACR does block axoplasmic transport but the block is
not due to depletion of high energy phosphates. {Sickles and Pearson.
Toxicologist 7:132,1987)

We are currently conducting similar studiss with the neurgtoxic
hexacarbons. Briefly, the rate and capacity of the fast anterggrade
transport are decreased by gamma-diketones (see preliminary data). We have
found that single doses of 4dmmoles/kg Z2,5-HD and (.25 mmoles/kq DD do
not significantly change the concentration of ATP or £P in the sctatic
nerve one hour after injection. Therefors, i1 appears that high energy
phosphate depletion fs not the causative factor for deficits in sxoplasmic
transport caused by any of the neurotoxicants under study.

1¥. SUMMARY of Progress Toward Original Specific Aims

The above work was generated during the last 2 1/2 years of the grant.
Note that the start cdate was delaved by one month and the uudgu: was cut
15% the first fiscal year and 10T the second. A1l of the specific aims
have been completed and manuscripts have either been submitted or are in
preparation. We have not determined the effects of acrylamide upon all of
the enzymes mentioned in the specific aims. Thizs was done in consultation
with offictals at NIOSH, [t appeared inapproprizte O spend money and
effort testing the effects of acrylamide upon oxidative enzymes when the
mitochondrial ATP production was not inhibited. The budget cuts were thus
absorbed dy not performing a1l of these assays.
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EQUIPMENT [NVENTORY

Funds from this grant were used to acjuire an upcdate version of the
Jeiss sicrodensitometry system. The total purchase price of the update was
$5150; 54000 was from this grant. The totz)] price of the equipment is
approximately $365-70,000. The percentage of grant funds contributing to
this instrument i3 §.7%; the balance was from state funds. No serial
numbers on the update are aveilabie since most of this acquisition s
software and sm&ll unlabeled components. This instrument was used for all
of the guantitative histochemical enzyme assays.

FINAL INVENTION STATEMENT

No inventions were concetved under this assistance award.



A. NEURAL TISSUES
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Table 1

Contral

HD  ([4a
1 ar}

Ol (.25mi
1 hr)

. NADH-TR ACTIVITY
(8.0, Unizs)

Purkinie BRG Hepatocytes Kidney
.289 » .010 L343 = 010 380 + 014 529 » 03¢
258 « 020 .302 « ,00¢ L388 « 016  .5%1 - 027

[-7.2%} ¢{-17.03) {*Z.1%) {=%.22)
287 - 024 L287 -« .012* 399 « 026 492 » .020
[=171.1%3) (=-18.33} {+5.0%) {+7.0%)

* significant to p <.0%

Table 2

GLUTATHIONE CONCENTRATION
{umoles/g tissue)

LIVER 8951

STOMACH 272

BRAIN L7

ShnaL CORD 1.22Y

CEREBELLUM 1415334

PERIPHERAL NERVE 1.945
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2. Robert =t at, 1984
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Figure 2

B VIVO UPQOAMIDE DERYDROGENASE INHIBITION
BY ACRYLAMIDE (S0mg kgj
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Figure 3

N VIVC CYTOCHROME ¢ REDUCTASE INHIBITION
BY ACRYLAMIDE (50mgXkg)
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Figure 4
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Figure 6

E ¢ REDUCTASE
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Figure 8
ISOLATION OF RAT BRAIN MITOCHONDRIA

Rat Bran
(cecaptitate without anesthesia
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Figure 8

CALCULATION OF MICHAELIS-MENTON CONSTANT
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CALCULATION OF ENDOGENOQUS ATP
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Figure 11

OXIDATIVE PHOSPHORYLATION
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Table 3

ACR
e Ence ATP m} Prod A‘I‘F{m} d!hTFL':ﬂ{ )
Controi 15.87 1.55 6.00 5.45
= t3.08 1.78 5968 3.B0
14 .60 1.80 .TB 4 58
T=NEM 14£51: 81 1.70=.08 £91= 07 4 544 53
ACRH 10.68 1.5C 579 516
12.14 168 5 45 3.3s
1470 1.80 5 3B 5 28
T=SEM 12%1:1 17 1868+ 00 554 13 453: 85
% Controi 86 2 878 S3.7 1019
=Signuficantly Giferent from contred p< .08
Table 4
2.5 HD
Ky Endo A?F{"m) Prod ATP {Em} dIATP et (ﬂm}
Controi 11.10 £.40 568 3
11.78 4 .36 6.3%9 3.36
13.33 1.50 £.81 4 55
14 28 1.00 7.88 4 85
¥2SEM 1281272 Z2.B1z. 81 6 432 .53 4.09:.32
2.5 +HD 13.08 1.70 6.92 a.1g
12.35 1.54 7.36 2.48
14 82 1.25% §. 29 3.22
1587 0.7t B.2% 3.85
¥2SEM 139T7=2.78° 1.30:.22" 7.202 41" 3.18z.28"
% Controd 107.8 53.7 1198 77.8

*Sigruficantly cifferent irom control p<.03




Table 5

DMHD
‘ Kg Enco ATP {mﬂ-ﬂ} Prog ATP (M} dtﬂij{ }
Control 11.10 & 40 5.68 az20
11 41 042 £.54 2.28
10.81 t.43 &.06 3.26
22SEM 1111z .17 208=119 £ 782 18 2.9t 32
DD t4 26 3.30 5 88 387
11 58 D=8 522 173
10.81 143 5 B1 3.04
T=SEM 222108 176z 81 Ef4az.2Y 288 82
% Controf 1089 B4 8 g7 g g8.0
= Sigruficantty Giffersnt from control p<.03
Table 6
10PN
: reTsla ki
Ky Endo ATP {m} Prod Hp(mw} d{ATPlat (me }
Controd 10.43 1.32 7.33 3.1
$13.33 Q.88 8.75 4.47
13.93 2.70 8.16 §.48
%+SEM 12.56z1.08 1832.55 7412.75 4 88=.97
IDPN 10.68 1.05 £.53 2.85
12.35 075 7.78 a7
14 62 &2 1.85 8% 5. 58 £E15
X=SEM 12. 55»_:1 14 1 1.22=.33" 6.63= 84" 3.90=.B7"
%% Control 100 74.8 B9 & 8433

'WMMW:tH
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Table 7

ENDOGENCUS MITOCHONDRIAL ATP
{nmoles ATP/mg mitochondrial protein)

Control ACR 2.5-HD
{0.7mM} {4m)
1.21 1.2 0.84
1.04 1.09 0.87
1.46 1.58 1.20
X £ SEM 1242012 1282015
% Controf 103 78

= Significantly cifferent from controd p<.0%

e ———— . — —

DMHD
{0.25mM)

1.29
1.00
1.38

0.9720.12* 1.22=0.11

100

IOPN
(0.1%)

1.25
1.38
1.50

1.38:0.07
$11
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Figure 13

ACRYLAMIDE EFFECT UPON FAST ANTEROGRADE
AXOPLASMIC TRANSPORT RATE
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Table 8

Controt

RATE OF TRANSPORT (mmiday)

! 424 ACR (75mgkg) 1 334
2 408 2 352
3 382 3 38C
4 432 & 340
S 396 X = SEM 349=4.4
X=5SEM 408 =88
ACR (50mgikg) 1 418 ACR (100mgrkg) 1 336
2 367 2 312
3 360 3 312
4 3a4 4 38
RT=SEM 371=155 X+ SEM 324=8.9
Table S
CAPACITY OF TRANSPORT
(Area Under Curve; Relative Units)
Control 1 52,130 ACR (75mgkg) 1 23.070
2 81.270 2 34,580
3 51,490 3 24,010
£ 45010 4 29.730
S 53.490 X2 SEM 27.847 = 2683
X=SEM £2.678=2557
ACH (SOmgkg) 1 31.310 ACR (100mgkg) 1 27.740
2 30.790 2 34,280
3 27,220 3 23,280
4 32.070 4 17.2680
x+SEM 30.050=1072 X=SEM 25 6837 3587
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