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Figure 4.1. Representative 3 weeks old bcl-2 kidney panel. Representative max projected images of

NADH, FAD and RR and their histograms in kidneys from 3 weeks old bcl-2 +/+ and bcl-2 -/- mice.

Bcl-2 is a known modulator of mitochondrial OS and its absence is associated with
an increased OS state. The NADH RR showed a significant decrease in kidneys from bcl-
2-/- mice as compared with their wild-type counterpart. The difference in mean values of

the histograms in Figure 4.1 suggests that OS shifts the metabolic levels of cells.
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4.3. Akita/+ Diabetic Mouse Model and its Control WT

Akita/4+ mice develop type 1 diabetes as early as 4 weeks of age. Akita/+ and their
WT controls in different diabetic stages (different ages) were studied to determine the
onset and progression of OS during diabetes. Akita/+ mice are more susceptible to OS
and are thus expected to have a lower NADH RR compared to their WT in the same age.
Figure 4.2 shows the pseudo-colored representations of the maximum projection NADH,
FAD and NADH RR images and histograms of the NADH RR for kidneys from 4, 8, 12,
and 34 weeks-old WT and Akita/+. As can be seen from the max projected images and
the histogram, the NADH RR does not show a significant difference in Akita/+ kidneys
compared to its WT for 4 weeks-old kidneys, indicating that this age corresponds to the
onset of diabetes. As the kidneys age, the histograms and max projected images show a
significant decrease in the mean NADH RR of kidneys from 8, 12, and 34 weeks-old
diabetic mice compared with their WT counterparts. The difference in the mean NADH
RR becomes more significant in Akita/+ compared to WT by age and due to progression
of OS as shown by separation of histograms. The histograms shows less than 10% change
in the mean NADH RR in kidneys from 4 weeks-old diabetic compared to its WT. This
change increases to 15% for 8 weeks-old kidneys, 28% for 12 weeks-old kidney, and
33% for 34 weeks-old kidneys. The increasing effect of OS on the kidney mitochondrial
redox state as evaluated by a decrease in NADH RR can be seen in the histograms of

Figure 4.2.
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Figure 4.2. Representative Akita/+ and WT kidney panel. Representative max projected NADH, FAD
and NADH RR images and their related histograms for kidneys from Akita/+ and mice and their controls in

different ages.

To show the effect of age and OS in diabetic mice models, Akita/+ mice of
different ages were investigated separately. Figure 4.3 shows the max projected images of
NADH, FAD, and NADH RR as well as the NADH RR histograms of kidneys from 4, 8§,

12, and 34 weeks-old Akita/+ mice. The NADH RR shows a visible decrease in kidneys
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from 4 weeks-old diabetic mice compared with 8 and 12 weeks-old kidneys, which
becomes more significant in kidneys from 34 weeks-old diabetic mice. The histograms in
Figure 4.3 show a 20% change in the mean NADH RR of 4 weeks-old kidney compared
to 8 weeks-old. This change increase to 44% and 60% for 4 weeks-old kidney compared
to 12 and 34 weeks-old kidneys. Thus, these results show an increase in kidney OS with a

longer duration of diabetes.

NADH FAD NADH Redox
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Figure 4.3. Representative Akita/+ kidney panel over age. Representative max projected NADH, FAD
and NADH RR images and their related histograms for kidneys from 4, 8, 12, and 34week-old Akita/+

kidneys.
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4.4. AKita/+TSP1-/- a More Severe Diabetic Model

The Akita/+TSP1-/- mouse is a novel diabetes model that exhibits severe
nephropathy with a relatively short duration of diabetes compared with the parental
Akita/+ mice. Thus, the mice that carry the Akita mutation and lack TSP1 (TSP1 -/-)
serve as a model for severe diabetic nephropathy. Here the impact of the combination of
these genetic modifications has been investigated on the mitochondrial redox state
associated with the onset and progression of diabetes. To verify that the TSP1-/- genotype
itself does not contribute to a more oxidized mitochondria, TSP1-/- has been compared
with Akita/+ TSP1 -/- mice.

Figure 4.4 shows the pseudo-colored representations of the maximum projection
NADH, FAD and NADH RR images and histograms of the NADH RR for kidneys from
3, 4, and 24 weeks-old Akita/+TSP1-/- and their related controls TSP1-/-. As can be seen
from the NADH RR histogram for the 3 weeks-old kidneys, Akita/+TSP1-/- and its
related control are not significantly different in mean NADH RR at this age, indicating
that the symptoms of diabetes are not yet evident. The histograms show 10% change in
the mean NADH RR in kidneys from 3 weeks-old AK/+TSP1-/- compared to its control.
This change increases to 33% for 4 weeks-old kidneys, and 44% for 24 weeks-old
kidneys. The results presented in the histograms indicate that the mean NADH RR of
kidney from 4 and 24 weeks-old Akita/+TSP1-/- mice show a more significant decrease
compared with their control mice, TSP1-/-, which is a direct result of more OS and

complications due to severe diabetes.
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Figure 4.4. Representative Akita/+TSP1-/- and TSP1-/- kidney panel. Representative max projected
NADH, FAD and NADH RR images and their related histograms for kidneys from 3,4, and 24 weeks-old

Akita/+TSP1-/- and related controls.

To show the effect of OS progression with age in severe diabetic mice models,
Akita/+TSP1-/- mice of different ages were investigated separately. Figure 4.5 shows the
max projected images of NADH, FAD, and NADH RR as well as the NADH RR
histograms of kidneys for 3, 4, and 24 weeks-old Akita/+TSP1-/- mice. The NADH RR
shows a visible decrease in kidneys from 3 weeks-old diabetic mice compared with 4
weeks-old kidneys, which becomes more significant in comparison to the kidneys from

24 weeks-old diabetic mice. The histograms in Figure 4.5 show a 40% change in the
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mean NADH RR of 3 weeks-old kidney compared to 4 weeks-old. This change increased
to 59% for 4 weeks-old kidney compared to 34 weeks-old kidneys. Thus, these results
show an increase in kidney OS with a longer duration of diabetes, indicating more severe

diabetes in these kidney models.
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Figure 4.5. Representative Akita/+TSP1-/- kidney panel over age. Representative max projected
NADH, FAD and NADH RR images and their related histograms for kidneys from 3, 4, and 24week-old

Akita/+TSP1-/- kidneys.
Figure 4.6 displays a bar graph plot comparing the mean values of the NADH RR
histograms of max projected images for kidneys from Akita/+ versus their appropriate

control male littermates. The results show decreased NADH RR for all Akita/+ mice
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compared with their non-diabetic control littermates, which becomes more significant in

12 and 34 weeks-old diabetic mouse kidneys.
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Figure 4.6. Bar graph plots for Akita/+ and WT kidneys. Bar graph plot comparing the mean values of
the NADH RR histograms of max projected images from Akita/+ and their respective controls. The results
show a significant difference between kidneys from 12 and 34 weeks-old non-diabetic and diabetic Akita/+

mice.

The result of the four groups of diabetic mice and their control littermates
demonstrated different redox images, and the mean values in all four groups showed
increased OS with the progression of diabetes. Thus, the significant difference in the

mean NADH RR of kidneys from diabetic mice compared with their appropriate controls



76

indicates that the sensitivity of NADH RR can be used as a marker of renal OS. Since in
the presence of excessive ROS due to diabetes, the mitochondrial coenzymes NADH and
FADH,; accumulate in their oxidized forms (NAD and FAD), mitochondrial NADH RR

showed a decrease as a result of OS.

Figure 4.7 displays a bar graph plot comparing the mean values of the NADH RR
histograms of max projected images for kidneys from Akita/+TSP1-/- versus their
appropriate control littermates. The results show a more decreased NADH RR for all
Akita/+TSP1-/- mice compared with their control littermates, which becomes more

significant in 4 and 24 weeks-old diabetic mouse kidneys.

TSP1 is an endogenous inhibitor of angiogenesis. Therefore, changes in TSP1
levels during diabetes may contribute to the development and progression of diabetic
nephropathy. The current study indicates that in the absence of TSP1, the development
and progression of nephropathy is significantly expedited in a novel diabetic model. The
results show that lack of TSP1 exacerbates the development and progression of early

diabetic nephropathy using NADH RR as a quantitative marker of OS.
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Figure 4.7. Bar graph plots for Akita/+ and WT Kkidneys. Bar graph plot comparing the mean values of
the NADH RR histograms of max projected images from Akita/+TSP1-/- and their respective controls. The

results show a significant difference between kidneys from 4 and 24 weeks.

Figure 4.8 displays a bar graph comparing the mean values of the NADH RR
histograms of max projected images for kidneys from Akita/+ versus Akita/+TSP1-/- in
different ages to show the severity of diabetes in the Akita/+TSP1-/- mice models. The
results show a larger decrease in NADH RR for all Akita/+TSP1-/- mice compared with
Akita/+ mice kidneys, which represents the higher OS and more severe diabetes in the

Akita/+TSP1-/- mice models.
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Figure 4.8. Bar graphs for Akita/+ and Akita/+TSP1-/- kidneys. Bar graph comparing the mean values
of the NADH RR histograms of max projected images from Akita/+TSP1-/- and their respective controls.

The results show a significant difference between kidneys from 4 and 24 weeks.

In the absence of TSP1, diabetes-related damage to the kidney occurred more
rapidly, which translated to a further decrease in NADH RR compared with Akita/+ and
enhanced renal complications. The Akita/+ phenotype (diabetic) is key to affecting
NADH RR levels. The strong decrease in the mean value of Akita/+TSP1-/- as compared
with Akita/4+, combined with the fact that TSP1-/- does not itself decrease the mean
value, provides evidence in support of the hypothesis that the lack of TSP1 exacerbates
the pathogenesis of diabetic nephropathy. The results demonstrate the utility of

cryoimaging for measuring kidney tissue mitochondrial redox state in different stages of



79

OS associated with the progression of diabetes. The NADH RR reveals differences in
tissue NADH, FAD, and NADH RR signals between diabetic mice and their control

littermates.
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5. Conclusion

I have studied diabetes cellular dysfunction in rodents kidney tissue by using and
improving a 3-D optical imaging instrument called the cryoimager. The cryoimager
allows measurement of mitochondrial redox state of biological tissue for diagnosis of
nephropathy caused by diabetes. This technique was used to quantify the progression of
the cellular dysfunction (due to oxidative stress) in three different diabetic models, to
delineate the temporal distribution of OS during diabetes, and to detect the severity of
diabetes.

The result of three groups of diabetic mice and their control demonstrated relative
changes in mean value of redox ratio correlated with the severity of the disease. For
example, in one model of diabetes (e.g. Akita) the mean NADH RR value differences in
diseased and control animals increased from 8% to 15 % to 28% to 33% from 4 weeks to
8 weeks to 12 weeks and 34 weeks of the onset of diabetes. This difference in the mean
NADH RR is due to an increase in OS with the progression of the disease. To account for
the statistical significance, repeated experiments showed that we reached the significance
in the 8and 12-weeks rodents with a P<0.001.

The future direction of this research is to add the capability of microscopy to our
cryoimager for cellular-resolution imaging. Cellular imaging allows for the visualization
and quantification of biological processes of the disease mechanism at the molecular and
cellular levels. For instance, pericytes that are more specifically located surrounding

the endothelial cell are affected during diabetes. These cellular images are used to
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determine the quantity of endothelial cells and pericytes as well as extracting features
from the structure of the vasculature and vasculature development, which are important

factors in the development of diabetic retinopathy.
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ABSTRACT

Oxidative stress (OS), which increases during diabetes, exacerbates the development and progression of diabetes
complications including renal vascular and proximal tubule cell dysfunction. The objective of this study was to
investigate the changes in the metabolic state of the tissue in diabetic mice kidneys using fluorescence imaging.
Mitochondrial metabolic coenzymes NADH (Nicotinamide Adenine Dinucleotide), and FADH-2 (Flavin Adenine
Dinucleotide) are autofluorescent and can be monitored without exogenous labels by optical techniques. The ratio of the
fluorescence intensity of these fluorophores, (NADH/FAD), called the NADH redox ratio (RR), is a marker of metabolic
state of a tissue. We examined mitochondrial redox states of kidneys from diabetic mice, Akita/+ and its control wild
type (WT) for a group of 8- and 12-week-old mice. Average intensity and histogram of maximum projected images of
FAD, NADH, and NADH RR were calculated for each kidney. Our results indicated a 17% decrease in the mean NADH
RR of the kidney from 8-week-old mice compared with WT mice and, a 30% decrease in the mean NADH RR of kidney
from12—week-old mice compared with WT mice. These results indicated an increase in OS in diabetic animals and its
progression over time. Thus, NADH RR can be used as a hallmark of OS in diabetic kidney allowing temporal
identification of oxidative state.

Keywords: Oxidative stress, diabetes, hyperglycemia, Akita diabetic mouse model, NADH redox ratio, fluorescence
imaging.

1. INTRODUCTION

Diabetic nephropathy (DN), which is a progressive kidney disease, accounts as a common cause of end stage renal
disease (ESRD) and a major risk factor for cardiovascular disease '~. Chronic hyperglycemia during diabetes can trigger
excess generation of reactive oxygen species (ROS) and increased oxidative stress (OS). OS in turn may play a key role
in causing DNA damage, cell death, and protein modifications that result in mitochondrial dysfunction. Diabetes, a
common metabolic disorder, causes an increase in OS in various tissues such as kidneys from diabetic Akita mice * .
Akita diabetic mice develop type 1 diabetes as early as 4-weeks of age. ROS observed in the diabetic kidney is due to
enzymatic and non-enzymatic sources such as advanced glycation, mitochondrial respiration chain deficiencies and
NAD(P)H oxidase. Redox state of the cell is usually defined as the balance between oxidative species production and
antioxidant protection of the cells. An imbalance between ROS production and anti-oxidant action of the cells results in
OS production > °!! Therefore, the cellular oxygen consumption can be evaluated from tissue metabolic state, and it
can be extracted from fluorescence images '> . In this study, the OS progression in diabetic Akita mice kidney tissue
and its control wild type mice was assessed by a quantitative marker using mitochondrial intrinsic signals. Mitochondrial
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