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Table 4-6. Effect of toxicant (tBH) on mitochondrial protein expression during compensatory renal hypertrophy.
All the numbers in bold print signify a 1.5-fold or higher difference and a 0.5-fold or lower difference.
Relative quantitation: average signal intensity (NPX-tBH) / average signal intensity (NPX)

average signal intensity (Control-tBH) / average signal intensity (Control)

average signal intensity (NPX-tBH) / average signal intensity (Control-tBH)

Accession NPX-tBH/ Control-tBH/ NPX-tBH/

NPX Control Control-tBH

ATP Synthesis, Transport and Metabolic
Processes

P10719 ATP synthase subunit beta 0.9 0.6 1.5

Q98QB6  ATP synthase subunit beta 2 (ATP synthase F1 1.2 0.5 8.2

sector subunit beta 2)
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P15999 ATP synthase subunit alpha

P05141 ADP/ATP translocase 2 (ADP,ATP carrier

protein 2)
Stress Response Proteins
Q64433 10 kDa heat shock protein (Hsp10)
P63038 Heat shock protein 60 (HSP-60)
Tricarboxylic acid cycle (Citrate Cycle)

P56574 Isocitrate dehydrogenase [NADP],

(Oxalosuccinate decarboxylase)
Q9ER34  Aconitate hydratase, (Aconitase)

Respiratory Electron Transport Chain
Q52Vv09 Cytochrome ¢

Q66HF1 NADH-ubiquinone oxidoreductase 75 kDa

subunit

0.8

0.7

0.9

0.6

0.5

0.8

0.4

0.4

0.5

0.6

0.7

0.3

0.1

1.3

1.4

2.4

1.6

1.2

1.1

2.3

0.4

68



P50442

Q64565

Q02253

P08503

Q64428

P26443

P00507

Amino Acid and Fatty Acid Metabolic

Pathways
Glycine amidinotransferase, (Transamidinase)

Alanine-glyoxylate aminotransferase 2, (Beta-

alanine-pyruvate aminotransferase)

Methylmalonate-semialdehyde dehydrogenase

(Malonate-semialdehyde dehydrogenase)

Medium-chain specific acyl-CoA

dehydrogenase

Trifunctional enzyme subunit alpha, (3-

hydroxyacyl-CoA dehydrogenase)
Glutamate dehydrogenase 1

Aspartate  aminotransferase,  mitochondrial

precursor (Transaminase A)

11

0.5

0.7

0.7

0.5

0.5

3.6

1.2

0.6

0.5

1.5

0.5

0.6

4.8

1.4

11

1.8

1.2

1.0

1.4

0.6

06



Ketone Metabolism

Q9DO0K2  Succinyl-CoA:3-ketoacid-coenzyme A

transferase 1, (3-oxoacid CoA-transferase 1)
Drug Metabolism

Q64573 Kidney microsomal carboxylesterase (Liver

carboxylesterase 3)

Anion Transport (Transmembrane

Transport)

Q9Z2L0  Voltage-dependent  anion-selective  channel

protein 1 (VDAC-1)
Amino acid Transport

Q64319 Neutral and basic amino acid transport protein
rBAT (B(0,+)-type amino acid transport

protein)

0.5

0.3

1.2

0.6

0.6

0.4

0.6

0.5

0.9

1.5

1.9

1.2

16



QBAYTO

Q07523

Q68FT3

QIDBF1

Oxidoreductase Activity

Quinone oxidoreductase (Zeta-crystallin)
Hydroxyacid oxidase 2

Probable oxidoreductase C100rf33 homolog

Aldehyde dehydrogenase family 7 member Al

(Antiquitin-1)

0.9

0.5

1.0

0.6

11

1.3

0.7

4.6

43)
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Discussion

Inasmuch as the mitochondria are the principal intracellular sites of oxygen consumption and
increased rates of electron transport are believed to be associated with increased release of
reactive oxygen species, we hypothesized that the consequence of these changes in
mitochondrial function is an enhancement of basal oxidant stress (Lash et al., 2001a). The
current studies pursued this further by assessing both basal and toxicant-stimulated lipid
peroxidation using two well-established assays, formation of MDA and degradation of cis-
parinaric acid. We also measured activity of mitochondrial aconitase, which, as noted above, is
considered a highly sensitive indicator of oxidative stress due to the facile oxidation of its Fe-S

cluster leading to inactivation (Han et al., 2003; James et al., 2002; Gardner et al., 1994).

Neither assessment of lipid peroxidation showed a significant difference between control and
NPX kidneys, either in the absence or presence of toxicant. Expression of two important redox
proteins in renal mitochondria, SOD2 and Trx2, were also unchanged after compensatory renal
hypertrophy. An important consideration in evaluating such data, however, is the manner by
which the measurements are normalized. In the present work, enzyme activities and levels of
metabolites were normalized to total protein content, which was the only normalization
parameter available and is the one that is most commonly used. Part of the compensatory
hypertrophy response, however, is an increase in protein per cell (Meyer et al., 1996; Fine, 1986;
Shirley and Walter, 1991; Wolf and Neilson, 1991). We previously illustrated the impact of this
by normalizing activities in renal PT cell primary cultures derived from either control or NPX

rats to both protein and DNA content (Lash et al., 2001b). Whereas the amount of total protein
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per cell increases as a consequence of compensatory renal hypertrophy, the amount of DNA per
cell does not change owing to the absence of a significant hyperplasia after a reduction in renal
mass. Thus, lack of a difference between samples from control and NPX rats when normalized to

protein equates to an increase, although one that is proportional to protein.

In contrast to the lipid peroxidation data, the mitochondrial aconitase activity data showed
significant redox imbalance, suggesting an increase in mitochondrial oxidative stress in NPX
kidney. To further support the conclusion that there is a degree of redox imbalance in renal
mitochondria of NPX rats, we observed a significant increase in the amount of HNE-modified
protein. The increase in Western blot density was 1.7-fold and was predominantly detected in
two protein bands of molecular weight 52 kDa and 45 kDa. Although the identity of these
modified proteins is currently unknown, their detection and the extent of the difference between
renal mitochondria from control and NPX rats, suggest they may be important in determining the
compensatory hypertrophy phenotype. Potential nitration of mitochondrial proteins was also
assessed, but no difference between renal mitochondria from control and NPX rats was found,
suggesting that increases in reactive nitrogen species were not a component of the compensatory

hypertrophy phenotype.

The relative quantitation of proteins from mitochondrial pathways enabled the detection of
toxicant-induced changes in mitochondria from hypertrophied kidney, suggesting alterations in

susceptibility to mitochondrial toxicants. Overall, the proteomic analysis identified a number of
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toxicant-induced changes during compensatory renal hypertrophy that could be involved in
mediating mitochondrial toxicant-induced oxidative stress. Further exploration of these changes
may provide insight into whether or not mitochondrial toxicant-induced stress response in
hypertrophied kidney is due to cell death or any other mechanism. From our data, it is not clear if
the similar effect of the toxicant, tBH, on mitochondrial proteins from both control and NPX
groups is due to use of too high a concentration of tBH or too long an exposure. It would be
interesting to treat the mitochondria with multiple concentrations of toxicants in multiple

mitochondrial samples from control and NPX groups.
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Effect of compensatory renal hypertrophy on mitochondrial size, number and membrane

potential

Results

Effect of compensatory renal hypertrophy on mitochondrial size and number in renal PT
cells

Based on contradictory data from previous studies (Cuppage et al., 1973; Hwang et al., 1990),
our goal was to study basic properties of renal mitochondria after compensatory renal
hypertrophy due to uninephrectomy. To label mitochondria, PT cells were incubated with
MitoTracker™ probes, which passively pass across plasma membranes and accumulate in
metabolically active mitochondria. Our data showed a significant increase in mitochondrial
staining with MitoTracker™ dye in NPX rats, suggesting a possibility of either an increase in
mitochondrial number (proliferation) or size (hypertrophy). To further explore these data,
mitochondrial DNA and mitochondrial protein were measured. As shown in Figure 4-5 and
Figure 4-6, the data indicate no significant difference in mitochondrial DNA but significant
increases in mitochondrial protein contents in the NPX group, suggesting renal mitochondrial

hypertrophy in the NPX group.
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Renal PT cells from NPX rats have higher basal mitochondrial membrane potential than
those from control rats

To analyze mitochondrial membrane potential, PT cells were incubated with JC-1 (Figure 4-4).
JC-1 is a cationic dye that exhibits membrane potential-dependent accumulation in mitochondria,
indicated by shifting its fluorescence emission from green (~525 nm) to red (~590 nm). Polarized
mitochondria are indicated by punctate red staining. The graphs represent average quantitation of
three images and show a marked increase in JC-1 red punctate staining and no significant
difference in JC-1 green staining. Overall, these data demonstrate an increase in JC-1 red
punctate staining in kidneys of NPX rats, which is higher than the increase in MitoTracker ™

staining, suggesting a hyperpolarized state in the kidneys of NPX rats.
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Figure 4-4. MitoTracker ™ staining.

PT cells were grown on 35 mm dishes for 4 days and incubated with MitoTracker ™ (50 nM) for
30 min. MitoTracker™ staining in PT cells from Control and NPX rats was measured using a
Zeiss LSM 510 confocal microscope.

A) Images of MitoTracker™ staining were measured by confocal microscopy at 554 nm
excitation and 576 nm emission. Magnification = 630x.

B) The graph represents average quantitation of three images. The integrated intensity of the
entire image was done using Metamorph 7.1.7.0 Offline. *Significantly different (P < 0.05) from

control cells.
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Discussion

In contrast to previous studies that suggested the existence of both renal mitochondrial
proliferation and hypertrophy (Johnson and Amendola, 1969; Cuppage et al., 1973), Hwang’s
group (Hwang et al., 1990) concluded only mitochondrial hypertrophy of a fixed number of
mitochondria in compensatory renal hypertrophy of renal PT cells. On the basis of these previous
studies, which have suggested renal mitochondrial proliferation and hypertrophy, we analyzed
properties of renal mitochondria after compensatory renal hypertrophy due to uninephrectomy.
In the present study, we demonstrated the occurrence of renal mitochondrial hypertrophy
following reduction in renal mass that was presumably to satisfy the greater need for energy
metabolism (Benipal and Lash, 2011). This is consistent with data from the studies of Hwang

and colleagues (Hwang et al., 1990).

The elevation in basal mitochondrial membrane potential suggested the existence of a
hyperpolarized state, which is consistent with our previous data of higher rates of state 3
respiration in isolated renal mitochondria from NPX rats (Benipal and Lash, 2011). These data
suggest that increased rates of electron flow and hyperpolarization by increased mitochondrial
respiration further lead to increased reactive oxygen species formation, which potentially causes
a significant degree of redox imbalance and basal oxidative stress in renal mitochondria, as
suggested by our recent studies (Benipal and Lash, 2011), and increased susceptibility of PT

cells from NPX rats to nephrotoxicants (Lash et al., 2006).
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CHAPTER V. MODULATION OF MITOCHONDRIAL REDOX STATUS IN PT

CELLS TO REDUCE THE RISK OF SUSCEPTIBILTY TO NEPHROTOXICANTS.

Influence of overexpression of the DIC on susceptibility to chemically induced toxicity by

mitochondrial toxicants

Results

The overexpression of the DIC was confirmed by analyzing gene expression. As shown in Table
5-1, overexpression of DIC plasmids leads to a 7,806-fold increase in DIC gene expression.
Acute cytotoxicity was assessed by measuring lactate dehydrogenase (LDH) release in renal PT
cells from NPX rats. After transfection with the DIC plasmid, the PT cells were treated with
either AA (1 pM, 10 uM), tBH (100 pM, 200 pM) or MVK (100 pM, 200 pM) without or with
an overnight supplementation with 5 mM GSH. With endogenous GSH, overexpression of DIC
did not cause any significant change in LDH release induced by AA (Figure 5-1A). However,
after supplementation of PT cells with GSH, overexpression of DIC caused protection against the
mitochondrial specific toxicant AA (Figure 5-1B). Furthermore, overexpression of DIC did not
cause any protection against tBH or MVK with endogenous or supplemented GSH in PT cells

from NPX rats (Figure 5-1A and Figure 5-1B).
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Table 5-1. Analysis of DIC gene overexpression by RT-PCR in renal proximal tubular cells

from NPX rats.

Primers for the DIC were designed with the aid of Oligo 6.76 and the cDNA sequences
published in GenBank ™. An optimum cDNA concentration of 30-300 ng DNA/well was
determined for each gene. All Ct values are based on triplicate measurements from total RNA
from 3 renal PT cell preparations from NPX rats and are means + SEM. GAPDH Cy values were
used for correction: For control and DIC-transfected samples, GAPDH Cy values = 27.8 + 0.2
for control and 31.7 + 0.5 for DIC-transfected. Relative gene expression values were calculated
by the formula; 24CT (Pic-transfected) ; 5-ACT (Contro) " A yvialue is the difference between the Cr value

for the gene of interest and that of GAPDH.

Control DIC-transfected Relative Expression

Crmean+SE  Cy mean * SE (DIC-transfected / Control)

30.3+0.1 21.3+0.2 7,806
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Figure 5-1. Effect of overexpression of the DIC on sensitivity to chemical-induced toxicity.

A. Experiments were performed on day 6 of cell culture (72 h post-DIC transfection).
Suspensions of PT cells isolated from NPX rats were treated with the indicated concentrations of
AA, MVK or tBH for 4 h. After 4 h, aliquots were removed and LDH activity was measured.

Values represent means = SEM. Data shown here are the average of three experiments.

B. Experiments were performed on day 6 of cell culture (72 h post-DIC transfection).
Suspensions of PT cells isolated from NPX rats were incubated with 5 mM GSH overnight prior
to treatment with the indicated concentrations of AA, MVK or tBH for 4 h. After 4 h, aliquots
were removed and LDH activity was measured. Values represent means = SEM. Data shown

here are the average of three experiments. *Significantly different (P < 0.05).
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Figure 5-1B.
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Influence of overexpression of the OGC on susceptibility to chemically induced toxicity by

mitochondrial toxicants

Results

Overexpression of the OGC was confirmed by analyzing gene expression. As shown in Table 5-
2, overexpression of OGC plasmids lead to a 5,007-fold increase in OGC gene expression. Acute
cytotoxicity was assessed by measuring LDH release in PT cells from NPX rats. After
transfection with the OGC plasmid, the PT cells were treated with either AA (1 uM, 10 uM),
tBH (100 puM, 200 uM) or MVK (100 uM, 200 uM) without or with an overnight
supplementation with 5 mM GSH. With endogenous GSH, overexpression of OGC did not cause
any significant change in LDH release induced by AA (Figure 5-2A). However, after
supplementation of PT cells with GSH, overexpression of OGC caused protection against the
mitochondrial specific toxicant AA (Figure 5-2B). Furthermore, overexpression of OGC did not
cause any protection against tBH or MVK with either endogenous or supplemented GSH

(Figure 5-2A and Figure 5-2B) in PT cells from NPX rats.

Overall, these results suggest higher GSH transport activity by overexpression of DIC and OGC
in renal PT cells of hypertrophied kidney markedly protected against toxicity and oxidative stress
induced by the mitochondrial selective toxicant AA, indicating the significance of mitochondrial

GSH transport in determining susceptibility to cytotoxic chemicals.
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Table 5-2. Analysis of OGC gene overexpression by RT-PCR in renal proximal tubule cells
of NPX rats.

Primers for the OGC were designed with the aid of Oligo 6.76 and the cDNA sequences
published in GenBank ™. An optimum cDNA concentration of 30 to 300 ng DNA/well was
determined for each gene. All Ct values are based on triplicate measurements from total RNA
from 3 renal PT cell preparations from NPX rats and are means + SEM. GAPDH Cy values were
used for correction: For control and OGC-transfected samples, GAPDH Cr values = 27.8 £ 0.1
for control and 28.3 £ 0.2 for OGC-transfected. Relative gene expression values were calculated
by the formula; 274CT (OGC-wransfected) ; 5-ACT (Contro) A ysalue is the difference between the Cr

value for the gene of interest and that of GAPDH.

Control OGC-transfected Relative Expression

Crmean+SE  Cy mean = SE (OGC-transfected / Control)

31.8+0.3 20.0+£0.5 5,007
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Figure 5-2. Effect of overexpression of the OGC on sensitivity to chemical-induced toxicity.
A. Experiments were performed on day 6 of cell culture (72 h post-OGC transfection).
Suspensions of PT cells isolated from NPX rats were treated with the indicated concentrations of
AA, MVK or tBH for 4 h. After 4 h, aliquots were removed and LDH activity was measured.
Values represent means = SEM. Data shown here are the average of three experiments.

B. Experiments were performed on day 6 of cell culture (72 h post-OGC transfection).
Suspensions of PT cells isolated from NPX rats were incubated with 5mM GSH overnight prior
to treatment with the indicated concentrations of AA, MVK or tBH for 4 h. After 4 h, aliquots
were removed and LDH activity was measured. Values represent means = SEM. Data shown

here are the average of three experiments. *Significantly different (P < 0.05).
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Figure 5-2B.
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Discussion

Our previous reports showed a significant degree of redox imbalance and basal oxidative stress
in renal mitochondria (Benipal and Lash, 2011) and an increased susceptibility of PT cells from
NPX rats to nephrotoxicants (Lash et al., 2006). Furthermore, our lab also showed in NRK-52E
cells that overexpression of mitochondrial GSH transporters protected against nephrotoxicants
(Lash et al., 2002b; Xu et al., 2006). Taken together, these observations suggested that a
threshold level of mitochondrial GSH is needed to counteract oxidative stress and susceptibility
to toxicants in PT cells. Thus, we hypothesized that further increases in mitochondrial GSH
levels in PT cells by overexpression of DIC and/or OGC will improve mitochondrial energetics

and redox status and lower susceptibility to mitochondrial toxicants.

In this study, our approach was to increase GSH content in a subcellular organelle, mitochondria,
by altering expression of the DIC and OGC to effect desired changes in mitochondrial GSH
status. To investigate the toxicological consequences of altering mitochondrial GSH transport,
we incubated renal PT cells from NPX rats with three mechanistically distinct mitochondrial
toxicants, AA, tBH, and MVK. All three toxicants are unique in their mechanisms as shown in
Figure 5-3. AA is a specific mitochondrial inhibitor that decreases mitochondrial electron
transport chain activity and mitochondrial membrane potential leading to increases in reactive
oxygen species. tBH is an oxidant that causes lipid peroxidation and GSH oxidation whereas

MVK is an alkylating agent that causes GSH depletion by formation of GSH adducts.

Interestingly, assessment of cytotoxicity by LDH release demonstrated that overexpression of

either of the mitochondrial GSH carriers, the DIC and OGC, only protected against AA. This
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extensive protection against AA by overexpression of mitochondrial GSH transporters can be
explained by a direct effect of AA on the mitochondrial electron transport chain. In other words,
out of all three toxicants, AA specifically inhibits mitochondria and consequently, increased
mitochondrial GSH by overexpression of GSH transporters decreases the oxidative stress
induced by AA. Thus, consistent with our previous data in NRK-52E cells (Lash et al., 2002b;
Xu et al., 2006), our present data also demonstrated that manipulation of mitochondria by
overexpression of mitochondrial GSH carriers, DIC and OGC, reduced the risk of susceptibility

to nephrotoxicants in hypertrophied kidney cells.

Overall, our data represent a significant analysis of the influence of modulation of renal
mitochondrial GSH transport on the influence of compensatory renal hypertrophy on
susceptibility of renal PT cells to mitochondrial toxicants. Furthermore, it would be interesting to
extend this study by analyzing the effect of overexpression of the mitochondrial GSH
transporters, DIC and OGC, on oxidative stress, proliferation and cellular GSH status. The
ultimate goal of this study is to improve renal redox status after reduction in kidney mass by
increasing mitochondrial GSH. This is then intended to reduce the risk of susceptibility to
nephrotoxicants as reported by our previous studies (Lash et al., 2006; Lash et al., 2002b; Xu et
al., 2006). Besides compensatory renal hypertrophy after reduction in kidney mass, GSH
dysregulation is also associated with a number of toxic and pathological states. For example,
lower cellular GSH levels are associated with diabetes, neurodegeneration and cardiovascular
diseases (Ballatori et al., 2009) and depletion or oxidation of mitochondrial GSH is associated
with cirrhosis, diabetic nephropathy and alcoholic liver disease (Fernandez-Checa et al., 1993;

Krahenbuhl et al., 1992; Santos et al., 2003; Mastrocola et al., 2005). Towards this end, our
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approach of improving cellular and subcellular (mitochondrial) GSH status might be applicable
to not only compensatory renal hypertrophy but also to diseases that are associated with GSH

dysregulation.
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Figure 5-3. Mitochondrial toxicants.
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CHAPTER VI. SUMMARY AND CONCLUSIONS

The primary goal of this dissertation was to further characterize renal function and mitochondrial
status during compensatory renal hypertrophy caused by uninephrectomy and to further expand
on our previous studies of modulating renal mitochondrial redox status. We hypothesize that
compensatory renal hypertrophy after uninephrectomy alters renal function and mitochondrial
status and modulation of mitochondrial redox status alters susceptibility to nephrotoxicants in
hypertrophied kidney cells. To study compensatory renal hypertrophy, we used the
uninephrectomy rat model as this model has been reasonably well characterized as to the

physiological and morphological changes that occur.

The analysis of renal physiological parameters suggested that the compensatory response of the
remaining kidney after uninephrectomy is associated with modest impairment of renal function
as assessed by blood and urinary parameters. The previous observations suggested that
compensatory renal hypertrophy is associated with a significant increase in GSH content by
higher activity of y-glutamylcysteine synthetase (GCS). To further explore another potential
mechanism for the increase in the cytoplasmic pool of GSH, we analyzed the expression of
several plasma membrane carrier proteins that are responsible for GSH transport into PT cells to
determine whether or not there is increased transport of GSH across the BLM. Our results
showed significantly higher protein expression of Oatl and Oat3, which play a role in GSH
uptake, and higher protein expression of the (Na*+K")-stimulated ATPase, which provides the

Na® ion gradient for secondary active transporters that ultimately help mediate the uptake of
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GSH. Overall, these results suggested that higher intracellular accumulation of GSH is due to

higher activity of GCS and increased GSH transport across the BLM.

After analyzing renal plasma membrane GSH transporters, the next goal was to see whether or
not compensatory renal hypertrophy caused alterations in renal mitochondrial redox status,
including GSH and the redox enzymes superoxide dismutase (Sod2) and thioredoxin2 (Trx2).
The analysis of renal mitochondrial glutathione status showed modest but significant increases in
both GSH and GSSG in renal mitochondria from NPX rats as compared to control rats. We next
determined gene and protein expression of two inner mitochondrial carrier proteins, the DIC and
OGC, which partially determine renal mitochondrial GSH status. In contrast to our expectations,
neither gene nor protein expression of the DIC or OGC were increased and there were no
changes in protein expression of the mitochondrial redox enzymes Sod2 and Trx2 after
uninephrectomy. Hence, we concluded that the increase in mitochondrial GSH concentrations is
due to mass action or changes in the kinetics of the mitochondrial GSH transporters, DIC and

OGC, caused by a hypermetabolic state.

To analyze the impact of compensatory renal hypertrophy on functional characteristics of renal
mitochondria, we analyzed activities of mitochondrial enzymes that are indicative of cellular
energetics and redox status. To further explore mitochondrial energetics, we also looked at
mitochondrial respiration and proteomics. All the results provided evidence for a hypermetabolic

state in the NPX group signified by increases in activities of energetics enzymes, state 3 rates of
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respiration and expression of proteins that are involved in various metabolic pathways. Overall,
these observations suggest that to accommodate the increased energy demand caused by
compensatory renal hypertrophy, there are increased rates of mitochondrial electron transport
chain leading to the hypermetabolic state that can also lead to mitochondrial dysfunction due to

increased ROS formation.

The evidence for renal dysfunction and a hypermetabolic state of renal mitochondria from NPX
rats suggested that a higher state of mitochondrial oxidative stress exists that may also contribute
to higher susceptibility to chemically induced renal injury. Hence, our next goal was to compare
basal and toxicant-induced renal mitochondrial oxidative stress between control and NPX rats.
We analyzed both basal and toxicant-stimulated lipid peroxidation and aconitase activity, which
is a highly sensitive indicator of oxidative stress in biological systems. The assessment of basal
and toxicant-induced lipid peroxidation data showed no significant difference between control
and NPX kidneys. However, aconitase activity data suggested redox imbalance leading to
increased mitochondrial oxidative stress, which is further supported by significant increases in

the amount of HNE-adducted proteins in renal mitochondria from NPX rats.

Based on previous observations that were contradictory and suggested both renal mitochondrial
proliferation and hypertrophy on the one hand and only mitochondrial hypertrophy on the other
hand, our goal was to further explore the effect of compensatory renal hypertrophy on

mitochondrial size and number in renal PT cells. We showed that mitochondrial hypertrophy of
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renal PT cells follows reduction in renal mass to satisfy the need for energy metabolism during
compensatory renal hypertrophy. Furthermore, elevation in basal membrane potential as shown
by JC-1 staining suggested a hyperpolarized state in mitochondria from the NPX group. This
suggested that hyperpolarization caused by increased mitochondrial respiration further leads to
basal mitochondrial oxidative stress and increased susceptibility of PT cells to nephrotoxicants in

the NPX group.

Finally, to test our hypothesis that increasing renal mitochondrial GSH reduces the risk of
susceptibility to nephrotoxicants in hypertrophied kidney cells, we overexpressed two
mitochondrial GSH carriers, the DIC and OGC, in PT cells from the NPX group. The basic idea
was that overexpression of mitochondrial GSH transporters would decrease susceptibility to
nephrotoxicants by increasing mitochondrial GSH levels caused by increased expression and
transport activity of GSH transporters, the DIC and OGC. The assessment of cytotoxicity
showed that after supplementation of PT cells with GSH, overexpression of mitochondrial GSH
transporters protected against the mitochondrial specific toxicant antimycin A. These data
supported our hypothesis that higher mitochondrial GSH transport activity by overexpression of
the DIC and OGC in hypertrophied kidney cells markedly protected against toxicity, supporting

the significance of mitochondrial GSH transport in determining susceptibility to toxicants.

In summary, we showed that in hypertrophied kidney there are alterations in physiological

parameters suggesting modest renal dysfunction, higher expression of renal organic anion
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transporters suggesting higher transport of GSH and higher transport of xenobiotics leading to an
increase in susceptibility to nephrotoxicants, and alterations in hypertrophied mitochondria
suggesting redox imbalance and increased basal oxidative stress. As shown in Figure 6-1, we
conclude that in hypertrophied mitochondria, a hypermetabolic state caused by increases in citric
acid cycle and electron transport chain activities lead to a hyperpolarized state and superoxide
production, which further causes mitochondrial oxidative stress. Furthermore, the increase in
mitochondrial GSH concentrations is due to mass action or a kinetic effect on mitochondrial
GSH transporters. In addition, our data also provide evidence that manipulation of mitochondrial
GSH transport modulates response to nephrotoxicants, supporting the toxicological significance

of the mitochondrial GSH transport process in compensatory renal hypertrophy.
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Figure 6-1. Summary scheme.
Abbreviations: DIC, dicarboxylate carrier; ROS, reactive oxygen species; O, superoxide anion;
OGC, oxoglutarate carrier; 2-OG?", 2-oxoglutarate; Pi%’, inorganic phosphate; TCA, tricarboxylic

acid cycle.

Intermembrane space

Hypertrophied Mitochondria
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CHAPTER VII. OVERALL SIGNIFICANCE AND FUTURE DIRECTIONS

Reduction in renal mass and function afflicts millions of people worldwide as a consequence of
several renal and non-renal diseases, infections, aging and surgery due to nephrectomy.
Uninephrectomy, or surgical removal of one kidney, is performed for treatment in critical cases
of renal diseases, injuries and for the purpose of kidney transplantation. Due to increasing
incidence of reductions in kidney mass, high medical expenditures represent a significant
challenge to public health care in the U.S. Although the remaining functional renal mass
compensates for the loss of renal function, reduced kidney mass due to nephrectomy is a
pathophysiologic process that is associated with alterations in renal hemodynamics, physiology

and biochemistry.

Numerous human clinical and experimental animal studies have provided evidence that
reduction in renal mass leads to proteinuria, hypertension, hyperfiltration, glomerulosclerosis and
toxicological implications such as increased nephrotoxicity from many drugs. In this study using
a uninephrectomized rat model, we showed that compensatory renal hypertrophy due to
reduction in renal mass is associated with modest renal dysfunction, alterations in renal
mitochondrial glutathione and energetics status and mitochondrial oxidative stress. Furthermore,
we also expanded our previous studies of modulating renal mitochondrial redox status and
showed that an increase in renal mitochondrial GSH status reduces the risk of susceptibility to
cytotoxic chemicals. Thus, we have taken several comprehensive and diversified approaches to

study the role of mitochondrial energetics and redox status in the compensatory renal
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hypertrophy response including in vivo, ex vivo (isolated renal mitochondria), and in vitro (in

primary cultures of PT cells).

Our particular focus on mitochondrial status is significant because alterations in mitochondrial
function have been associated with numerous diverse pathologies. Changes in mitochondrial
redox status likely underlie the regulation of mitochondrial and cellular energetics and cellular
responses to many chemical exposures and pathological disease states. Mitochondrial GSH status
is a critical determinant of cellular energetics and function and plays a critical role in
determining susceptibility of cells to various toxicants. The ability to manipulate mitochondrial
GSH status can provide a tool with which to probe mitochondrial function and modulate cellular
injury upon exposure to various forms of mitochondrial toxicants. In this study, we used such an
approach to alter one of the major GSH compartmentalization mechanisms in renal proximal
tubules of the uninephrectomized rat model to produce protection from nephrotoxicants. Hence,
further understanding of the regulation of mitochondrial GSH status and modulation of GSH
levels in renal mitochondria hold promise for the development of new therapeutic approaches for

many Kidney diseases and chemically induced toxicities.

The manipulation of mitochondrial GSH can also be used as a therapeutic target, not only for
compensatory renal hypertrophy or in renal donors, but also for a number of diseases and
pathological states that are associated with the depletion or oxidation of the mitochondrial GSH
pool. For example, chronic ethanol ingestion and alcoholic liver disease are associated with
decreased liver mitochondrial GSH content (Garcia-Ruiz et al., 1994, 1995; Fernandez-Checa et

al., 1987, 1991, 1993, 2002), which also leads to an increase in susceptibility to toxicants (Zhao
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and Slattery 2002; Zhao et al., 2002). Furthermore, cirrhosis and other forms of biliary
obstruction have been associated with mitochondrial dysfunction caused by depletion of the
matrix GSH pool (Krahenbuhl et al., 1992, 1995) and Type 2 diabetes has also been linked with
depletion and oxidation of mitochondrial GSH in rat brain, heart and kidney (Santos et al., 2003;
Mastrocola et al., 2005; Rosca et al., 2005), suggesting the importance of regulation of
mitochondrial GSH. Clearly, it becomes apparent that it is important to design
pharmacologically-based strategies aimed at specific targets in transport and catabolism of GSH
as a potential therapeutic treatment against human kidney diseases, chemically induced toxicities
and health complications in renal donors. Thus, reducing complications after nephrectomy will

also directly increase the quality of life for a renal donor.

Overall, the observations in this study enabled us to more completely define the phenotype for
compensatory renal hypertrophy both in vivo and in an ex vivo model using primary culture of
PT cells. This in turn also helped us to understand the biochemistry and toxicology of
compensatory renal hypertrophy and provided a basis to reduce the risk of mitochondrial
dysfunction and susceptibility to toxicants due to reduction in functional renal mass. With the
basic knowledge acquired in this study, further studies of the protective effects of enhancing
mitochondrial redox status and reversing deleterious properties of hypertrophied PT cells might
provide a basis for novel therapeutic approaches to counteract the increased potential for renal

insufficiency due to reduced functional renal mass.

Future studies need to further explore the effect of overexpression of mitochondrial GSH

transporters on oxidative stress, proliferation and cellular GSH status. Furthermore, it would be
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interesting to examine a more comprehensive range of transporter expression and activity by also
decreasing the expression and activity of the two mitochondrial GSH transporters, the DIC and

OGC.
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A reduction in functional renal mass occurs in humans during aging and severe kidney
damage from diseases, injuries, infections and congenital conditions and after nephrectomy.
Nephrectomy, or surgical removal of a kidney or a section of a kidney, is performed for
treatment of unilateral secondary renal cancer, infections and for kidney transplantation. As a
result, the remaining renal tissue undergoes compensatory growth due primarily to hypertrophy,
in which both the size and functional capacity of the remaining kidney are increased. Renal
compensatory hypertrophy is associated with a series of physiological, morphological and
biochemical changes that also have toxicological implications.

Previous studies have shown that compensatory renal cellular hypertrophy after
uninephrectomy resulted in a hypermetabolic state, increased glutathione (GSH) content, but
higher renal oxidative stress. These changes are also associated with increased susceptibility of

renal proximal tubule cells to several drugs and environmental chemicals. Furthermore, our lab
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also showed that overexpression of mitochondrial GSH transporters, the dicarboxylate (DIC,
Slc25a10) and 2-oxoglutarate (OGC, Slc25al1l) carriers, in NRK-52E cells, which are derived
from normal rat kidney proximal tubules, exhibited increased mitochondrial GSH uptake,
contents of GSH and protection from chemically induced apoptosis from exposure to
nephrotoxicants.

Based on these previous observations, we hypothesized that compensatory renal
hypertrophy after uninephrectomy alters renal function in vivo and mitochondrial status and
modulation of mitochondrial redox status alters susceptibility to nephrotoxicants in the remnant
kidney. In this study, we used a uninephrectomized (NPX) rat model to induce compensatory
renal growth. Our results show alterations in renal physiological parameters consistent with
modest renal injury, altered renal cellular energetics, upregulation of certain renal plasma
membrane transporters, including some that have been observed to transport GSH, and evidence
of increased oxidative stress in mitochondria from the remnant kidney of NPX rats. Our present
results provide further evidence that compensatory renal hypertrophy is associated with
mitochondrial hypertrophy and hyperpolarization and manipulation of mitochondrial GSH
transporters in PT cells of hypertrophied kidney alters susceptibility to chemically induced
injury. These studies provide additional insight into the molecular changes that occur in
compensatory renal hypertrophy and should help in the development of novel therapeutic

approaches for patients with reduced renal mass.
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