
Abstract

Age-related decline in the capacity of endogenous antioxidant systems

complicates pharmaceutical use by the elderly by potentially increasing the toxicity of

some compounds. Of particular interest is chemical detoxification via glutathione (GSH)

and attendant GSH-requiring detoxification enzymes, e.g. GSH peroxidases (GPX) and

GSH S-transferase (GST). These enzymes have been shown to decline in concentration

with advancing age. Thus, agents that increase peroxide formation or those that are

directly detoxified via GSH may cause enhanced toxicity in the elderly because of loss of

GSH and enzyme function.

2-methyl-1,4-naphthoquinone (menadione) is a medicinally useful precursor for

in vivo vitamin K synthesis, and this vitamin declines with age. However, menadione is

also a redox cycling agent which exerts toxicity via generation of hydrogen peroxide and

attendant oxidative damage to cellular lipids, proteins, and DNA. Thus, the clinical

benefits of providing menadione to elderly subjects may be outweighed by increased

oxidative stress and acute toxicity. In contrast, prior research has demonstrated a reversal

of peroxide-induced hepatotoxicity by dietary supplementation with (R)-a-lipoic acid

(LA), suggesting that dietary supplementation of this dithiol compound may be necessary

to ameliorate any potential age-related increase in menadione toxicity.

The two basic questions addressed in this study were: 1) Does an age-related

increase in menadione hepatotoxicity exist? 2) Does supplementation with LA protect

the cells?

Male, F344 rats in two age groups, 2-5 months and 23-24 months were used to

model young adult and elderly (-70 years) human age groups. The rats were either fed a

control diet of AIN-93M or the control diet plus LA [0.05% (w/w) or 0.1% (w/w)] for two

weeks prior to hepatocyte isolation. Following isolation, the dispersed hepatocytes were

incubated with increasing concentrations of menadione and changes in their viability was

determined by lactate dehydrogenase release. Since menadione is lipophillic, changes in

vitamin E (both a- and y-tocopherol) status were assessed to determine if these important

lipid phase antioxidants play a role in menadione detoxification.

Comparing hepatocytes from young and old unsupplemented rats revealed an age-

related decrease in viability of up to 20%, in the populations exposed to 75 and 100 µM



menadione concentrations and strikingly similar patterns of loss in both age groups.

Similarly, both age populations displayed a biphasic response to menadione, with a

marked increase in toxicity occurring at 75 to 90 minutes in all levels except in the young

rat cells exposed to 50 µM menadione. These cells showed a monophasic rate of

viability loss during the entire two-hour time course. In the other groups, prior to the

biphasic event, or generally all time points before 75 to 90 minutes, the concentration-

dependant (50 tM to 100 [M) slope describing the loss of viability of young rat

hepatocytes changed by a factor of only 1.8, while the rate for old rat hepatocytes

changed by a factor of 2.8. In the accelerated phase, the rate of loss in young rat cells

changed by an average of4.5-fold, while the loss in old rat cells changed by 3-fold, on

average. Thus, at the 75 and 100 µM concentrations, the overall viability is lower and the

initial rate of loss is steeper for cells from old rats than that ofyoung. Conversely, the

second phase rate of loss is steeper in cells from young rats; however, at two hours the

endpoints for both age populations at 75 and 100 µM are within 1% of each other. Thus,

although cells from young rats are initially more resistant to the toxic effects of

menadione they also suffer a precipitous decline in viability once a toxic threshold has

been reached at -75 minutes.

-25% higher baseline viability was observed in the one old LA- supplemented

(0.05% LA) rat for all time points except the 75-120 minute period at 100 ttM. An

unexpected, early decrease in viability was observed in the young LA-supplemented rats

compared to young unsupplemented animals. Vitamin E levels remained relatively

unchanged in young and old rats. Furthermore, LA supplementation did not have any

effect on vitamin E status.

Thus, within the confines of this study, we conclude that an age-related change in

susceptibility to menadione does exist in F344 rats, and that supplementation with (R)-a-

lipoic acid is beneficial to the old animals but possibly deleterious to the young animals.

Additionally, there was no menadione-induced reduction in the levels of hepatocellular

vitamin F.
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The U.S. population is living longer and healthier; however, the incidence of age-

related diseases is increasing commensurately. Since the traditional profile of volunteers

for drug safety trials is white, young- to middle-aged males, there is a paucity of data

regarding the effects of common pharmaceuticals on the elderly, especially women. The

potential exists for life threatening reactions to drug therapy since important

physiological detoxification and antioxidant defenses might be in decline.

We are particularly interested in the tripeptide antioxidant glutathione (GSH) and

the chemicals detoxified by it. GSH and its associated enzymes, particularly glutathione

peroxidase (GPX), protect cellular macromolecules and organelles from peroxides. GSH

is a versatile molecule and can directly scavenge oxidative radicals or act as a co-

substrate for GPX, leading to the oxidized, disulfide form of glutathione (GSSG).

Additionally, the enzyme glutathione S-transferase uses GSH as a co-substrate to detoxify

xenobiotic compounds via mercapturic acid formation, with resultant loss of GSH from

the cell. In short, without these protective systems membranes, proteins and nucleic acids

are subjected to elevated rates of oxidation that disrupts the function and, in some cases,

the half-life of these molecules.

It is difficult to over emphasize the importance of glutathione to the maintenance

of good health. Indeed, Esposito and colleagues (2000) developed a mouse strain

exhibiting no GPX-1 activity that displayed increased hepatic lipid peroxidation,

increased hydrogen peroxide release from hepatic mitochondria, decreased mitochondrial

respiratory control ratios and power output indices, and 20% growth retardation attributed

to reduced mitochondrial ATP production secondary to the increased oxidative stress.

Other studies wherein D. melanogaster microsomal glutathione S-transferase-I activity

was knocked out resulted in decreased life span (Toba and Aigaki, 2000).

Thus, GSH and enzymes using GSH for detoxification markedly affects oxidative

stress and suggests factors, such as the aging process, where either GSH or GSH-

dependant enzymes may be limited, could severely affect overall health. The aging

process causes similar alterations in GSH status as seen in these aforementioned studies.

There is a decline in reduced glutathione levels and a concomitant increase in GSSG

(Hagen et al, 1999; Sanz et al, 1997), reduced 02 consumption (Hagen et al, 1999), and



reduced mitochondrial membrane potential in rats (Hagen et al, 1997; Hagen et al, 1999;

Rizzuto et al, 1987). Very old (36 month) mice displayed a 27 to 53 % decrease in GPX

levels in liver, kidney and heart tissues compared to mature (10 month) controls

(Hazelton and Lang, 1985). Hagen and colleagues (2000) demonstrated that the

hepatotoxicity of tert-Butylhydroperoxide (t-BuOOH), a model alkyl peroxide, was

enhanced in older rats (24-28 months) due to the diminished concentrations of

hepatocellular glutathione in this age group. t-BuOOH causes lipid peroxidation, rapid

depletion of intracellular GSH, and oxidation of pyridine nucleotides with subsequent

perturbation of Ca2+ homeostasis (Hagen et al, 2000). These studies suggest that any

toxin that is dependant on GSH for detoxification may become significantly more potent

in the aging process, leading to an increased cellular vulnerability to that toxin.

In light of these findings we tested menadione (vitamin K3), a synthetic precursor

to menaquinone-4 (MK-4), which my hold some benefit to limit osteoporosis.

Toxicologically, menadione can be partially reduced by NADPH cytochrome p450

reductase to a semi-quinone radical that exerts toxicity by reactive oxygen species (ROS)

formation (figure 1). HOOH subsequently causes peroxidation of mitochondrial

membrane lipids, oxidation of pyridine nucleotides [NADH, NADPH, and NAD(P)HI,

loss of mitochondrial calcium (Ca2+) homeostasis, and perturbations to mitochondrial

membrane potential (AV). These processes diminish cellular energy levels via inhibition

of ATP synthesis. Lower ATP levels impair the recycling of GSH by GSSG reductase,

and synthesis of GSH is also impaired by low ATP levels.

Beside ATP, an additional limiting factor in GSH synthesis is the availability of

cysteine. Agents that increase cysteine availability may thus be effective at maintaining

GSH levels, allowing GSH-dependant detoxification reactions to continue. In this regard,

a-lipoic acid (LA), a dithiol compound which is obtained in trace amounts from dietary

sources and gut microflora, increases the availability of cysteine via an unknown

mechanism. LA is rapidly reduced to its biologically active form, dihydrolipoic acid, by

NADPH-dependant lipoamide dehydrogenase found in mitochondria, and is also an

important component of metabolism, acting as a coenzyme in both pyruvate

dehydrogenase and a-ketoglutarate dehydrogenase.
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Mounting evidence demonstrates that a highly effective treatment to ameliorate

the effects of age-related oxidative stress is supplementation with the (R) enantiomer of

a-lipoic acid (Hagen et al, 1997; Hagen et al, 1999; Hagen et al, 2000; Suh et al, 2001).

Isolated hepatocytes obtained from old Fischer 344 rats (24 to 26 months) fed a diet

supplemented with 0.5% (w/w) (R)-a-lipoic acid (LA) for two weeks partially reversed

the age-related declines in mitochondrial AV and OZ consumption, and reversed the age

associated decline in hepatic GSH/GSSG ratios and ascorbic acid levels (Hagen et al,

1999). Restoration of ascorbic acid levels and reduction in oxidant production was

observed by Suh et al (2001) in isolated cardiac myocytes from 28-month-old F344 rats

supplemented for 2 weeks with 0.2% (w/w) LA. Hagen and colleagues (2000) observed

complete reversal of age-related vulnerability to t-BuOOH in hepatocytes isolated from

24- to 28-month-old F344 rats supplemented for 2 weeks with 0.5% (w/w) LA, leading

these old, supplemented animals to display LC, values comparable to those of young,

control rats.

Thus, the interest in menadione stems from its production of HOOH, which

results in an identical mechanism of toxicity as t-BuOOH, and whether the age-related

decline of glutathione in hepatocytes would permit elevated hepatotoxicity as seen with t-

BuOOH. We were also interested in the effect of LA on menadione toxicity given the

juxtaposition of GSH depletion by peroxidation products and maintenance by LA.

Two questions were posed for this investigation: 1) Does an age-related increase

in menadione hepatotoxicity exist? 2) Does supplementation with (R)-a-lipoic acid

protect the cells?

Materials and Methods

Materials: chemicals used: 2-methyl-l,4-naphthoquinone (menadione), reduced

glutathione (GSH), oxidized glutathione (GSSG), y-glutamyl glutamate (y-glu glu), 2,4-

dinitroflurobenzene, iodoacetic acid (IAA), Triton X-100 (Sigma, St. Louis); perchloric

acid, 60%, absolute ethanol (EtOH), methanol, HPLC grade (Fisher); Bicinchoninic acid



(BCA) assay (Pierce); Lactate dehydrogenase was measured with an LDL-20 kit (Sigma,

St. Louis). All other chemicals were reagent grade or better. Distilled, milliQ filtered

water was used throughout.

Animals: Young rats (Fischer 344, male; 3-5 months) and old rats (Fischer 344,

virgin male; 24 months) were from the National Institute for Aging animal colonies. All

animals were acclimatized at the Laboratory Animal Resource Center on the Corvallis

campus for a minimum of one week prior to experimentation. Unsupplemented animals

were fed AIN-93M diet. Young supplemented animals were fed 0.1 % (w/w) (R)-a-lipoic

acid (LA) in AIN-93M diet and the old supplemented animal was fed 0.05% (w/w) LA

prepared by Dyets, Inc. (Bethlehem, PA). All animals were allowed water ad libitum.

The young rats ate -15 g/rat/day which provided a daily LA dose of -51 mg/kg body

weight. The old rat ate -22 g/rat/day which provided a daily LA dose of -24 mg/kg body

weight for the old rat.

Cell isolation: Hepatocytes were isolated following the method of Hagen et al

(2000), based on those of Moldeus et al (1978), by Dr. Hagen or other lab members.

Cell incubation: Freshly isolated hepatocytes were diluted to Ix106 cells/ml in

Krebs-Henseleit Balanced Salt Solution (Krebs-HBSS), pH 7.4. Menadione was

prepared as a 10 mM stock solution in absolute ethanol and then diluted such that no

treatment had greater than 1 % (v/v) EtOH. Young control hepatocytes incubated with 1 %

(v/v) EtOH at 37° C for four hours displayed no difference in viability compared to

young control hepatocytes incubated in Krebs-HBSS at 37° C for four hours.

Three trials were conducted during this study. The first was an exploratory

investigation (n=2) of young control rats (data not shown) to determine the LC50 [lethal

concentration (the concentration resulting in the mortality of fifty percent of the cells

after two hours)] of menadione by exposing isolated hepatocytes to 10, 50 and 100 µM

concentrations of toxicant over a two-hour time course. The exploratory investigation

yielded an LC50 of -62 µM menadione. Additionally, an assessment of vehicle toxicity

was conducted at this time revealing the absence of a significant toxic effect from the

>1% EtOH vehicle.

The second trial (n=9) used 50,75, and 100 µM concentrations of toxicant and

corroborated the result of the first trial (LC50 65.5 ± 6 µM menadione for young control



rats). Thus, the third trial was centered around the LCm values obtained in the prior trials

and concentrations of 55, 60, 65 and 70 µM menadione were used. In all trials aliquots

of I x106 cells (one ml) from control preparations were taken at time zero (immediately

after introduction and mixing of hepatocytes), at 60 minutes, and at 120 minutes. In the

first and second trials, the tubes containing menadione were sampled at 30, 60, 75, 90,

105, and 120 minutes.

In the third trial, the tubes containing menadione were sampled at zero, 30, 60, 90

and 120 minutes. Additionally, three baseline aliquots of 106cells were taken from each

rat in these latter experiments. These baselines were used to establish the absolute

viability of 106 cells.

Cells were incubated in 15 ml Falcon tubes on a tilting table incubator, in a

shaking water bath, or in an incubation oven with a tilting platform. The water bath and

incubation oven maintained constant temperatures of 37±1 ° C, whereas the tilting table

incubator was less stable and had temperature variations of up to ±13° C.

Aliquots were spun in a microcentrifuge to pellet the cells. The pellets and

supernatant were separated and flash frozen in liquid nitrogen. For the aliquots taken for

GSH assay the pellets were resuspended in 500 µl 10% (v/v) perchloric acid (to

precipitate proteins, DNA, and other cell debris) prior to freezing. All samples were

stored at -80° C.

LDH assay: Pelleted samples were thawed on ice and resuspended in 500 µl of

1% (v/v) Triton X-100 in water. Samples were vortexed lightly to encourage cell

membrane lysis, then spun in a microcentrifuge to pellet the debris. Samples were

processed as per kit instructions. Briefly: powdered assay reagent (LDL-20) was

dissolved in 20 ml of water with gentle inversion. Six quartz cuvettes were matched and

blanked with 450 µl of reagent. 50 µl ofsample solution was mixed with the reagent by

repeated inversion and lactate dehydrogenase activities were assayed

spectrophotometrically every 30 seconds over a three minute period.

BCA assay: Samples were diluted 1:10 to assure measurements remained within

the interpolation range of the standards. Samples were processed as per kit instructions.

Briefly: protein gradient standards were made from bovine serum albumin (BSA) with a

range of 25 to 2000 µg/ml. Working reagent (WR) was made from a 50:1 mixture of



Reagent A and Reagent B. Polystyrene cuvettes were labeled and filled with 2 ml of

WR, except for initial water blanks. Triton X-100 blanks were used to reduce slope

intercept error. 100 ml quantities of standards and samples were added to the WR in the

appropriate cuvettes and mixed by repeated inversion. The cuvettes were incubated at

37° C for 30 minutes and then allowed to cool at room temperature for 10 minutes. The

total protein content of the samples was obtained spectrophotometrically.

Statistical analysis: Results are expressed as the mean ± SEM. Trends of cellular

viability were obtained by best fit linear regression.

Results

First trial: See materials and methods section.

Second trial: In order to determine if there was an age-related change in toxicity

the data from the incubation of hepatocytes from young (n=2) and old (n=3)

unsupplemented rats were compared (Fig. 2). There was little loss of viability of controls

preparations over the two-hour time course, and the viability of cells from young,

unsupplemented rats incubated with 50 µM menadione (panel A) resulted in negligible

loss (-0.15%/min.). However, an equimolar concentration of menadione did cause a

four-fold increase in the loss of hepatocyte viability in the cells from old rats (panel D)

beginning at the 90 minute time point of the incubation (-0.60%/min.). This change in

the susceptibility at 90 minutes marked a biphasic susceptibility to menadione toxicity.

The results from the 75 µM menadione incubations clearly established both the

biphasic behavior of the cells and the age-related increase in susceptibility. The initial

loss seen in hepatocytes from young rats (panel B) occurred at a rate of -0.16%/min,

which increased to -1.11%/min. at the 75 minute time point. The loss of viability in the

cells from old rats (panel E) was more rapid (-0.19%/min.) than the young during the

initial time period, but slower (-0.82%/min.) during the second, accelerated loss phase.

At 75 p.M concentration, the phases for both age populations changed at the 75 minute

time point.
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FIGURE 2: Percent viabiltiy of isolated hepatocytes over a two-hour time course. Cells were
incubated with increasing concentrations of menadione, with absolute ethanol (<1%) used as
vehicle and control. Response of young rat hepatocytes incubated with 50 µM (panel A), 75 µM
(panel B), and 100 µM (panel C) menadione. Young rat cells with control (O) (n=2) vs. young rat
cells with toxicant (0) (n=3). Response of old rat hepatocytes incubated with 50 µM (panel D),
75 µM (panel E), and 100 µM (panel F) menadione. Old rat cells with control (A) (n=3) vs. old rat
cells with toxicant (0) (n=1). Note the increased susceptibility of the old rat hepatocytes, and the
biphasic response at 75 or 90 minutes of some of the cell populations to the toxicant.
All values are meant SEM.



At the 100 µM concentration, the initial rate of loss for cells from young animals

(panel C) increased to -0.28%/min., with the phase change again occurring at 75 minutes,

and the second phase slope being -1.10%/min. The shape of the data plot for the cells

from old rats (panel F) changed again, displaying a flattened, almost linear slope.

However, there was a notable biphasic element at the 90 minute time point. The initial

rate was -0.37%/min., which changed to -0.76%/min at 90 minutes.

Figure 3 directly compares the response of the young and old toxicant exposed

cells. A striking similarity in plot shapes was seen at each concentration, but was

especially pronounced in the 75 µM (panel B) and 100 µM (panel C) levels. At the 50

µM concentration there was no age-related difference in viability until the 90 minute time

point, at which time the biphasic change occurred only in the cells from old rats. At 75

µM and 100 µM concentrations there was approximately 10-20% less overall viability in

cells from old rats compared to cells from the young animals. Further, the mean percent

viability for both of these populations at these time points were approximately equal

(13--0.5% at 75 µM and 8±1% at 100 µM), in sharp contrast to the endpoints seen in the

50 µM population. Table I summarizes these data.

As shown in Figure 4, the approximate lethal concentration for 50% of the

hepatocytes (LC5.) was 39 µM for old rat cells and 62 µM for young rat cells. This

indicated that there is an age-related difference of 40% in toxicant sensitivity. Thus, the

hepatocytes from the old rats suffer a nearly two-fold increase in susceptibility to

menadione toxicity.

The onset of toxic response in old rat hepatocytes occurred at 60 minutes, while

the onset of toxicity in the young rat hepatocytes did not occur until 90 minutes. At some

time between 90 and 105 minutes the loss-of-viability slope for young rat hepatocytes

crosses the slope for old rat hepatocytes, thus mirroring the change seen in the viability

vs. time analysis of Figures 2 and 3. Additionally, the biphasic responses seen in Figures

2 and 3 were echoed in Figure 4 in the change in susceptibility to toxicity of the

hepatocytes from old rats (panels A, B, C, D, and E). However, by two hours these

changes were no longer seen, and the data became nearly linear (panel F). In contrast,

the data from the young rats retained linearity until 105 minutes, when it displayed a

sigmoidal profile (panels E and F).
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Young rat hepatocytes
Time

Time

Young rat hepatocytes

minutes

Young rat hepatocytes

50 uM menadione

Slope Biphasic shift

75 µN1

Slope Biphasic shift
At 75 minutes

100 uM menadione

Table 1: Slope values of viability loss in unsupplemented young and old rat
hepatocytesa

0-120 minutes
Old rat hepatocytesc

0-90 minutes
90-120

Time

-0.1512

Slope
-0.1321
-0.6001

menadione

No

Biphasic shift
At 90 minutes

0-75 -0.156
75-120 minutes -1.1071

Old rat hepatocytesc
Time Slope Biphasic shift
0-75 minutes -0.1854 At 75 minutes
75-120 -0.8208

Time Slope Biphasic shift
0-75 minutes -0.2779 At 75 minutes
75-120 minutes -1.0667

Old rat hepatocvtesc
Time Slope Biphasic shift
0-90 minutes -0.3668 At 90 minutes
90-120 minutes -0.7565

"Toxicity induced by 70 µM menadione (<1 % abolute EtOH used as carrier and control)
bHepatocytes isolated from young (2-5 month old) rats
`Hepatocytes isolated from old (23-24 month old) rats
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To determine whether LA supplementation could ameliorate the age-related

increase in susceptibility to menadione the response of hepatocytes from an old rat (n=1)

supplemented with 0.05% LA was compared to the response of the hepatocytes from the

unsupplemented old rats (Figure 5). The baseline viability of these cells with LA exceed

that of all other groups, including the young unsupplemented animals. Panels A, B, and

C show the control and supplemented old rat data. Panels D, E, and F show the 20-25%

difference between the viability of supplemented and unsupplemented populations,

clearly indicating protection from LA supplementation. In fact, comparing the data from

the hepatocytes from the supplemented old rat to the data from the cells from the

unsupplemented young rat on Figure 2 revealed markedly greater viability; however,

given that these results were from only one animal, this conclusion is potentially

incorrect.

The results from the hepatocytes from supplemented young rat (Figures 6 and 7)

revealed a slight decline in the viability of cells compared to the young, unsupplemented

population. Results from the vitamin E analysis are summarized on Table 2. From these

data there is no indication that vitamin E status in affected by neither menadione nor LA.

Third trial: This trial resulted in data that conflicted with the results of trial one

and trial two. Figure 8 shows the results of the viability study on hepatocytes from three

young, unsupplemented animals. Based on results from the first and second trials, the

concentrations of menadione used in this trial should have caused noticeable loss of

viability.

Discussion

These results clearly suggest that there is a progressive, age-related increase in

menadione toxicity in F344 rats. Young or old control populations (figures 2, 3, and 4;

Table 1) show no clear change in viability. However, the toxicant exposed cells

displayed a profoundly biphasic pattern of loss of viability (death) which generally

occurred between the 75 or 90 minute time points. There was an higher overall
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FIGURE 5: Percent viabiltiy of isolated hepatocytes over a two-hour time course for old
supplemented and old unsupplemented rat hepatocytes. Panels A, B, and C display the loss of
viability after exposure to 50, 75, and 100 µM exposures, respectively. Supplemented, old rat
cells with control (O) shows the same loss (-20%) over two hours as is seen in the
unsupplemented cell populations (Figure 2). Comparison of the supplemented cells to the
unsupplemented cells reveals a striking 20-30% higher resistance to toxicity in the LA
supplemented populationi(Panels D, E, and F).
All values are mean t SEM.
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No supplementation (n=2)

LA° supplemented (n=1)

No supplementation (n=2)

LA° supplemented (n=1)

menadione exposed

a-Tocopherol

Young Old`
Post Pre Post

Control 42.1 114.5 31.510.0 Control 38.2 t 17.7 34.0 t 9.7
70 µM 42.411.5 53.1 1 16.1 70 µM 60.2 36.91 19.2

Youngb Old
Pre Post Pre Post

Control 18.3 16.4 Control 55.0 67.9
70 µM 14.4 15.0 70 u,M

y-Tocopherol

----- 37.9

Young Old`
Post Pre Post

Control 0.210.2 0.15:t 0.07 Control 0.710.4 0.5:t 0.1
70µM 0.25:t 0.07 0.3 ± 0.0 70µM 0.95:t 0.55 0.6±0.3

Youngb
Pre

Old
Post Pre Post

Control 0.2 0.1 Control 0.5 0.7
70 µM 0.1 0.2 70 RM 0.0 0.3

aToxicity induced by 70 µM menadione (<1 % abolute EtOH used as carrier and control)
°Hepatocytes isolated from young (2-5 month aid) rats
°Hepatocytes isolated from old (23-24 month old) rats
°(R)-a-lipoic acid
Data expressed as meant SEM

Pre

Pre
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FIGURE 6: Percent viabiltiy of isolated hepatocytes over a two-hour time course for young
supplemented and young unsupplemented rat hepatocytes. Panels A, B, and C show the
susceptibility of control (O) and toxicant exposed (0) unsupplemented young rats, at 50, 75, and
100 µM respectively. Panel D displays the control (A) and 50 µM menadione exposed (0) young
rat cells. Note that the shape of the plot is very similar that of the 50 µM menadione exposed old
rat cells. Marked susceptibility is seen at 75 µM (panel E) and 100 µM (panel F), with a nearly
linear pattern of loss. Oddly, there is none of the zero to 30 minute loss seen in all other
populations, suggesting that this is indeed the biphasic pattern seen in the other populations,
simply happening much earlier.
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FIGURE 7: Percent viabiltiy of isolated hepatocytes over a two-hour time course, comparing
unsupplemented, young rat (n=2) cells (O) to supplemented, young rat (n=3) cells with toxicant
(). Panels A, B, and C displaying the 50, 75, and 100 µM menadione incubation results,
respectively. Note that the LA supplemented cells were, on average, more susceptable to
menadione toxicity. These results suggest that LA is harming the young rat hepatocytes or
potentiating menadione toxicity.
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susceptibility in old rat cells to the toxicity of menadione, resulting in a -10-20%

difference in cell viability in the higher concentration incubations. The two populations

had strikingly similar response patterns; however, the old rat cells did display more

variability in plot shape. Comparing the 50 µM and 100 µM populations revealed that

the rate of loss during the initial phase increased by 1.8-fold for young rat cells, and

nearly 3-fold for the old rat cells. The second phase for both populations was more

difficult to quantify due the variability of the response. Analysis of susceptibility (Figure

5) revealed LCD values of 62 µM for young rat cells and 39 µM for old rat cells. This

amounts to a 40% greater susceptibility to menadione in old animal hepatocytes

compared to those from young animals. Young, supplemented rat hepatocytes showed a

slight decline in viability compared to young, unsupplemented rat hepatocytes (Figure 6).

Finally, there is no evidence that vitamin E status is affected by either menadione or LA

(Table 2).

Hagen et al (2000) observed a nearly 2-fold increase in sensitivity to t-BuOOH

(LCD of 721±32 µM in young rat cells compared to 391±31 µM in old rat cells), which

correlates well with the -40% increase in sensitivity seen in the current study.

Menadione and t-BuOOH have a similar mechanism of toxicity and, as with t-

BuOOH, the degree of menadione toxicity is dependant on the intracellular concentration

of GSH. Hagen et al. (2000) found that hepatocellular concentrations of GSH declined by

37.7% and GSH/GSSG ratios declined by nearly 50% [Table 3 (used with permission of

the author)] in old versus young F344 rats. However, lipoic acid has been shown to

maintain or increase GSH levels (Han et al., 1997). Therefore, supplementation with

lipoic acid should reduce menadione toxicity similar to the reduction seen for t-BuOOH

by Hagen et al. (2000). Indeed, the data from the old, supplemented rat displayed a 20-

25% higher overall viability than their unsupplemented cohorts, strongly suggestive that

some benefit is produced by supplementation of old rat diets with LA despite the low n-

val ue.

The increased sensitivity to menadione seen in cells from young, supplemented

animals may be due to a oxidative stress caused by LA supplementation. LA is a

disulfide compound that is readily absorbed by cells and reduced to dihydrolipoic acid in

the mitochondria. Reduction of LA requires NADH, and the LA supplementation could



GSHa

Old Old Old

Table 3: Age-related changes to hepatocellular GSH status

GSSGa GSH/GSSG

Young Young Young

Total 0.139± 0.008 0.087±0.005° 0.005±0.001 0.004±0.012 31.6 18.0

MTV 0.012±0.002 0.005t0.001b ND ND ND ND

b°µM/mg protein cells
=p<0.05

Witocondria

Adapted from Hagen et al (2000) Antioxid Redox Signal 2(3):473-83. Used with permission of
the author.



be depleting the young rats of NADH without a marked increase in GSH, thus causing a

small but noticeable compromise in the viability of the cells. Further, the average amount

of LA ingested by the young rats was approximately twice that of the supplementation for

the one old rat. Thus, the possibility exists that a smaller dose of LA might confer

benefits to the hepatocytes of the young rats similar to those seen with the cells from the

old rats, but 0.1 % appears to be toxic.

Data from the third trial indicates that no acute toxicity occurred at any of the

concentrations tested (55, 60, 65, and 70 µM), despite the prior data indicating that the

LC5o for the hepatocytes should fall within this range. These results suggest that another

agent may have been responsible for the toxicity seen in the earlier two trials. Several

factors were identified that may have caused this toxicity to occur. 1) The animals in the

first and second trials were harvested in the summer (June and July), while those in the

third trial were harvested in the autumn (late August, September, and October). Some

variation in results may have occurred due to diurnal variation or other seasonal variation.

2) Temporary loss of the in-building animal facility required transport of the animals

across campus from the Lab Animal Resource Center on each of the evenings prior to

sacrifice. Since this was a new practice, it is possible that early inconsistencies caused

some stress on the animals which was absent by the time of the third trial. 3) The

potential for experimental error must be considered. 4) The majority (all but one) of the

incubations for the first and second trials were conducted on a tilting table device that

depended on a Plexiglas dome to maintain temperature. The device had great difficulty

in maintaining the correct temperature, cooling unreasonably when the dome was

removed to access tubes and occasionally overheating to up to 50° C. Independent

verification of temperature with a mercury laboratory thermometer revealed fluctuations

of ±13° C from the desired 37° C. In contrast, all of the incubations for the third trial

were conducted in an incubation oven that had an independently verified temperature of

37±1 ° C, and could operate for many hours without temperature fluctuations.

As with most scientific models, there is some disagreement as to whether GSH is

the principal detoxification system for menadione. In addition to the GSH dependant

systems, menadione is also detoxified in the liver by NAD(P)H:quinone oxidoreductase I

(NQOI) via a two-electron reduction to form hydroquinone. NQOI, a phase II



flavoenzyme also known as DT-diaphorase, is up regulated under conditions of oxidative

stress (Raina et al, 1999). Studies have found that mitochondrial Ca2+ cycling and

resultant membrane AV perturbations result from direct oxidation of intramitochondrial

pyridine nucleotides by menadione (Frei et al, 1986; Rizzuto et al, 1987). Additionally,

Rizzuto and colleagues (1987) reported that adding menadione to mitochondria in vitro

always resulted in an irreversible oxidation of pyridine nucleotides. However, ATP

administered to cells obtained from aging and/or menadione treated rats reduced or

ameliorated mitochondrial Ca2+ release and AV depression (Rizzuto et al, 1987). This

suggests that, among other things, elevated energy status allows adequate operation of the

endogenous antioxidant support systems, particularly the de novo synthesis of GSH and

GSSG reductase, which recycles GSSG back to GSH. Indeed, when NQO1 is

overwhelmed, GSH and GPX control levels of peroxide end products (Chan et al, 1992;

Ossola et al, 2000). It is reasonable to suppose that both systems are partially

contributing to detoxification and removal of menadione and its metabolites, however

this investigation is concerned only with the GSH dependant systems.

Given the risk of menadione use, it is interesting to note that a potential use for

the compound as an osteoporosis prevention therapy is conceivable. Menadione is a

synthetic vitamin K precursor available as a pharmaceutical, menadione sodium bisulfite

(Hykinone®), and is extensively converted to the MK-4 vitamer of the menaquinones (K2

vitamins), which is one of only three forms of vitamin K found in extrahepatic tissues

(Huber et al, 1999). The K vitamins are necessary for y-carboxylation of glutamic acid

(Gla)3 and Gla proteins of hepatic origin, especially prothrombin and clotting factors II,

VII, IX and X. However, the recent discovery of extrahepatic Gla proteins, particularly

osteocalcin, has defined a specific, extrahepatic role for MK-4 (Huber et al, 1999;

Shearer, 1995).

Osteocalcin is one of several Gla proteins in bone tissue and it is required for

calcium homeostasis of that tissue (Shearer, 1995). Research by Sano et al (1995)

demonstrates that radiolabeled MK-4 specifically targets bone tissue in osteoporosis

models (10- and 30-month-old ovariectomized rats), supporting the role of this vitamin in

bone maintenance and osteoporosis prevention. Additionally, Huber and colleagues

(1999) reported that extrahepatic levels of MK-4 declined with age while



undercarboxylated osteocalcin increased with age, indicating a need for vitamin K

supplementation.

Future Directions

Future work on this project should focus on confirming the true LC50values;

exploring the biphasic nature of the toxic response; expanding the use of LA in old rats;

and investigating the effect of LA on young rat hepatocytes and elucidating that

mechanism of toxicity.
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