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Abstract

This study used an optical technique to measure the effects of treating low (10 mg/kg) and high (25 mg/kg) doses of 3-iodothyr-
onamine (T1AM) on the metabolism in the kidney and heart of mice. The ratio of two intrinsic fluorophores in tissue, (NADH/FAD),
called the NADH redox ratio (NADH RR), is a marker of the metabolic state of the tissue. A cryofluorescence imaging instrument
was used to provide a quantitative assessment of NADH RR in both kidneys and hearts in mice treated with 3-iodothyronamine.
We compared those results to corresponding tissues in control mice. In the kidneys of mice treated with a high dose T1AM, the
mean values of the maximum projection of NADH RR were 2.6 + 0.6 compared to 3.20 £ 0.03 in control mice, indicating a 19%
(£ 0.4) significant increase in oxidative stress (OS) in the high dose-treated kidneys (P =0.047). However, kidneys treated with a
low dose of T;AM showed no difference in NADH RR compared to the kidneys of control mice. Furthermore, low versus high dose
treatment of T{AM showed different responses in the heart than in the kidneys. The mean value of the maximum projection of
NADH RR in the heart changed from 3.0 + 0.3 to 3.2 4 0.6 for the low dose and the high dose T;AM-treated mice, respectively, as
compared to 2.8 + 0.7 in control mice. These values correspond to a 9% (£0.5) (P =0.045) and 14% (+0.5) (P = 0.008) significant
increase in NADH RR in the T;AM-treated hearts, indicating that the high dose T;AM-treated tissues have reduced OS compared
to the low dose-treated tissues or the control tissues. These results suggest that while T{AM at a high dose increases oxidative
response in kidneys, it has a protective effect in the heart and may exert its effect through alternative pathways at different doses
and at tissue specific levels.
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consumption, and only regain 1.8% of the lost weight
in the two weeks following T;AM withdrawal
Intracerebroventricular (ICV) injection of T{AM modifies
hormone secretion, food intake, and memory acquisition.5
Among its metabolic effects, T{AM has been reported to
produce hyperglycaemia.® Notably, hyperglycaemia occurs
after administration of relatively low doses of exogenous
T1AM, producing changes in tissue concentration of about
one order of magnitude.’ In addition, a clinical investiga-
tion performed in a small series of patients revealed that
serum T;AM concentration was significantly correlated

Introduction

3-lodotyhronamine (T;AM) is an endogenous thyroid hor-
mone (TH) derivative regarded as a rapid modulator of
behavior and metabolism." Administration of exogenous
T1AM produces functional effects that show a rapid onset
and are often opposite to those induced by TH.'” In
rodents, an intraperitoneal T{AM injection rapidly induces
hypothermia, decreases cardiac function, and decreases the
respiratory quotient suggesting a shift from primarily
carbohydrate to predominantly lipid utilization."** Recent

results from NMR-based metabolomics and breath studies
have shown that chronic T;AM exposure induces a rapid
increase in lipid mobilization, followed by increased protein
breakdown after a few days. T;AM-treated mice show con-
tinual reduction in body weight independent of food

ISSN: 1535-3702
Copyright © 2013 by the Society for Experimental Biology and Medicine

with glycated hemoglobin, and significantly increased in
a subgroup of diabetic patients.” Therefore, the effects of
T1AM on glucose metabolism might have physiological
and pathophysiological relevance. Hyperglycaemia,
which occurs during type 2 diabetes, causes disorders of
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the oxidative-antioxidative balance in cells leading to
increased free-radical formation and induction of OS.?

Optical fluorescence techniques have been shown to
have a high sensitivity and specificity for discriminating
between diseased and non-diseased tissue. Fluorescence
imaging provides specific information on intrinsic fluoro-
phores in tissue as a diagnostic tool for early detection of
different diseases.”™"® Mitochondrial metabolic coenzymes
such as nicotinamide adenine dinucleotide (NADH) and
flavoprotein adenine dinucleotide (FADH),) are the primary
electron carriers in oxidative phosphorylation."* NADH
and FAD (the oxidized form of FADH,) are autofluorescent
and can be monitored without exogenous labels through
the use of optical techniques. These coenzymes are benefi-
cial in that NADH is primarily fluorescent in its reduced
biochemical state, whereas FAD is only fluorescent in its
oxidized form. Therefore, we can probe the oxidative state
of the metabolism in tissue by imaging these two coen-
zymes. The fluorescent signals of these intrinsic fluoro-
phores have been used as indicators of tissue metabolism
in injury due to hypoxia,'"'*!* hyperoxia,'*'® ischemia-
reperfusion,''? and diabetes'” and also as indicators for
the response of different treatments such as photodynamic
therapy'® and cancer therapy'®~'. Our group has recently
studied other organs such as lungs and hearts in the injury
models such as ischemia-reperfusion and hyperoxia,'**>*¢
as well as kidneys in diabetic nephropathy models* and
shown that NADH RR is a prominent indicator of OS.

Our studies have demonstrated that the ratio of these
fluorophores, (NADH/FAD), called the NADH redox
ratio (NADH RR), acts as a quantitative marker of the mito-
chondrial redox and metabolic state of tissue ex vivo* and
in vivo.** In this study, we applied optical fluorescence ima-
ging to evaluate the mitochondrial redox state of two dif-
ferent organs, kidney and heart, from treated mice with
high (25mg/kg) and low (10mg/kg) doses of T{AM com-
pared to control mice. We hypothesized that there would be
a significant difference in the optical redox ratio of high
dose-treated organs in comparison to corresponding
organs in control mice.

Although the molecular mechanisms and associated
metabolic pathways of T{AM are not well understood,
there is evidence that exogenous application of T;AM
results in different uptake levels and accumulations in a
tissue-specific manner.” Chiellini et al.” recently reported
that while T{AM is initially distributed in specific tissues
such as kidney, liver, gallbladder, stomach, and intestine,
after 24h a majority of this chemical messenger is only
found in the liver, adipose tissue, and muscle. In this
study, we investigated the metabolic effects of T{AM in
hearts and kidneys, two of the most metabolically active
organs in the body. T{AM treatment has two different
effects on these organs and these organs also have the high-
est mitochondrial density, 22.8 +4.7 and 18.7, respectively."”
Thus, we expect the heart and kidneys to show strong fluor-
escence signals from the mitochondrial coenzymes NADH
and FAD, which are used to calculate the NADH RR and
provide an accurate quantitative assessment of the effect of
T1AM treatment on the redox state.

Materials and Methods

Animal treatment, solution preparation, and tissue
preparation

The College of Letters and Sciences Animal Care and Use
Committee at the University of Wisconsin-Madison
approved all animal procedures. Outbred female CD-1,
Mus musculus mice obtained from Harlan Laboratories
(Indianapolis, IN) weighing at least 35 g were maintained
on a 12h light/dark cycle and allowed ad libitum access to
food and water. In the week prior to sacrifice, mice were
given daily intraperitoneal injections of either 10 mg/kg
T1AM, 25mg/kg T;AM or vehicle (n=4 per group).
A stock solution of T{AM (0.5mg/uL) was prepared by
solubilizing 75mg of T;AM into 150 uL of DMSO. The
T1AM injection solutions (10mg/kg and 25mg/kg) were
prepared by adding 1 uL and 2.5 pL, respectively, of T{AM
stock solution to 6.0 mL of normal sterile saline. The vehi-
cle injection was prepared in the same way without the
addition of T{AM. The final injection volume was 6 pL per
gram body weight. At the time of the sacrifice, the mice
were deeply anesthetized with 2.5% isofluorane for 10 min
and exsanguinated. Since both control and treated tissues
(kidneys and hearts) are treated identically, any “precon-
ditioning’ effects of anaesthesia are minimized.

Freezing and embedding

The mouse kidneys and hearts were flash frozen in liquid
nitrogen and kept frozen at —80°C until used for low
temperature cryoimaging (—15°C). For fluorescence ima-
ging, the tissue was embedded in a customized black
mounting medium (that is not fluorescent in the excita-
tion wavelengths) and placed on a chilled aluminium
plate to immobilize it for freezing and slicing. The embed-
ding process consists of freezing some medium as a base,
embedding the tissue on the base, and then fixing its pos-
ition by adding black medium around the tissue.

After embedding, the tissue was stored in an ultra low
freezer (—80°C) for subsequent imaging. The plate was then
installed in the cryoimager where the surface of the black
medium is parallel to a microtome.

Imaging calibration

A calibration method was designed to compensate for day-
to-day variation of light intensity and non-uniformity of the
illumination pattern. At the beginning of each experiment
and before slicing the tissue, a uniform fluorescent flat plate
was placed in the same position as the tissue and imaged in
the NADH and FAD channels to acquire the illumination
pattern. Since the standard flat plate is fluorescent in both
the NADH and FAD channels, it can account for day-to-day
variations in both channels. The intensity of each channel
was normalized by dividing it by the intensity of the appro-
priate standard flat plate captured immediately before ima-
ging the sample.
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Cryoimager

The cryoimager is an automated image acquisition and ana-
lysis system consisting of software and hardware designed
to acquire fluorescence images of tissue sections. Details of
this instrument have been previously reported.”® For this
study, we used a resolution of 30 pm in the z-direction,
which resulted in approximately 250 slices per organ.

Image processing

NADH and FAD autofluorescence images from each group
of tissues were processed using MATLAB. Composite
images were created using all the image slices for each
tissue, for both NADH and FAD signals. The ratio of
NADH and FAD was calculated voxel by voxel, using
MATLAB, according to equation (1):

NADH redox ratio = RR = NADH/FAD (1)

The 2-D representation of each tissue was then calculated
using the maximum intensities along the z-axis of the
NADH redox 3-D volume (maximum projection). In the
maximum projection method, first a full 3D volume of
images was obtained, including RR, then the maximum
projection on the volumetric data was performed and the
histograms were plotted for this maximum projection. The
maximum projection is used since the entirety of the anat-
omy has a significant contribution in this representation.
A histogram of the maximum projection of RR values for
each group was created, and the mean (or first moment) of
this histogram was calculated according to equation (2).

N, Ny

1
—_— E E tissue_Maxpro(i,j) (2)
Ny x N, pay

Mean =

where N, and N, are the number of pixels in the x and y
directions and the pixel size in both x and y is 10 um. The
previously mentioned histograms were calculated for quan-
titative comparison between control and treated groups.
NADH RR shows an inverse relation with the OS level of
the tissue. Therefore, a higher mean value of NADH RR
shows less oxidation and a smaller value of NADH RR
indicates a higher level of oxidative stress (OS).

Statistical evaluation of data

Statistical analysis was carried out for the high dose-treated
kidneys and hearts versus untreated control tissues using a
two-tailed Student’s t-test with P < 0.05 as the criterion for
statistical significance.

Results

In the present study, we used the cryo-fluorescence redox
imaging method to quantify the mitochondrial redox state
of kidneys and hearts in mice treated with T;AM and com-
pared it with the corresponding untreated control tissues.
Furthermore, the T{AM-treated mice consisted of a low
dose group and a high dose group. These tissue groups
allowed us to investigate the effects of T{AM on kidneys

Fluorescence cellular redox imaging in rodent models

and hearts, in addition to studying the effects of the two
dose levels on these tissues.

Figure 1 shows the maximum projection images of
NADH, FAD, and NADH RR for a representative kidney
from each of the three groups: the control, the low dose,
and the high dose T{AM-treated groups. First, the images
show a significant decrease in the mean NADH RR of kid-
neys from the high dose T{AM-treated versus the control
group. Kidneys of the high dose-treated group (Figure 1,
right panel) show a significant decrease in the concentration
of NADH but only a small increase in FAD concentration,
resulting in a lower NADH RR in these tissues as compared
to the control (Figure 1, left panel). Second, the high dose-
treated group shows a lower level of NADH RR in kidneys
as compared to the low dose-treated (Figure 1, middle
panel) kidneys. Cross sections from the high dose T{AM-
treated kidneys consistently demonstrate increased OS
(Figure 1, right panel), whereas the kidneys from the low
dose-treated mice (Figure 1, middle panel) do not show any
change in the mitochondrial redox state as compared to the
control group (Figure 1, left panel). The NADH redox histo-
grams of Figure 1 are shown for the control (blue histo-
gram), the low dose T;AM-treated (green histogram), and
the high dose T;AM-treated (red histogram) groups. The
histogram of the low dose-treated group is totally overlap-
ping with the histogram of the control group, with the mean
value of NADH RR for these two groups equal to 3.2 in both
cases. In the high dose-treated group, the NADH RR indi-
cates a more oxidized mitochondrial redox state with a
mean value of 2.6 (2.6+0.6) compared with a higher
mean value of 3.2 (3.240.03) in control kidney tissues.
There is a blue shift in the histograms from the high dose
T1AM treated kidneys versus control kidneys, and the
NADH redox histogram shows a 19% (+0.4) increase of
oxidation in the respiratory chain in the high dose-treated
group compared to control (P =0.047).

Figure 2 shows an average of 9% (40.5) and 14% (£0.5)
increase in the mean NADH RR of representative hearts
from low dose and high dose T;AM-treated groups
(P=0.045 and 0.008, respectively), as compared to the con-
trol group. Hearts from the low dose and the high dose
treated groups (Figure 2, middle and right panels) show a
higher concentration of NADH but a lower concentration of
FAD as compared to the control group (Figure 2, left panel).
Hence, the NADH RR is higher in heart tissues from the
treated group compared to the control group. In addition,
histograms of the NADH redox from the representative
heart tissue in each of the treated and control groups indi-
cate a less oxidized mitochondrial redox state with a mean
value of 3.2 (3.2+0.6) for the high dose and 3.0 (3.0 £0.3)
for the low dose-treated group compared with a lower
mean value of 2.8 (2.8+0.7) in the control group. This red
shift in histograms in tissues from T;AM treated mice
versus control mice shows 14% (+0.5) less oxidation in
the respiratory chain of hearts in the higher dose-treated
group.

Figures 3 and 4 compare the mean values of histograms
of maximum projected images from the control and high
dose-treated kidneys and hearts, respectively. The results
show a significant difference (P=0.047) between high



154 Experimental Biology and Medicine Volume 239 February 2014

FAD

NADH Redox

6000
Mean- 2.048
§ 5000 \mlu..“'J
&| ool
=
2 | 3000-
o [l
o
a 1000
Z

Control Kidney [
Low dose Kidney [

High dose Kidney [l

Mean=3.189
Std=0.890

Mean=3.207
Std=0.972

5

Figure 1

Representative max projected NADH, FAD and RR images and histograms comparing Redox Ratio intensity for kidneys from control, low, and high T{AM-

treated groups. Colours blue to red indicate arbitrary normalized levels of redox states from 0 to 5, NADH from 0 to 200 and FAD between 0 and 100 from minimum to
maximum intensity levels. Only the NADH redox histogram of the high dose-treated (red histogram) group shows significantly more oxidation as compared to the
control (blue histogram) and the low dose (green histogram) groups. Mean values of these histograms were calculated according to equation (2). (A color version of this

figure is available in the online journal)

dose-treated kidneys versus the control kidneys, but the
difference is not significant (P =0.18) between treated and
control hearts (1 =4 in each group).

Discussion and conclusion

The metabolic state of a cell is revealed by mitochondrial
oxidative function. Mitochondrial oxidative metabolism is
an important biomarker for the diagnosis and treatment of
many disease pathologies, including cancer, neurodegen-
erative diseases,””"?® as well as endocrine disorders, includ-
ing thyroid dysfunctions® and diabetes.® The results of the
present study demonstrate the utility of the cryo-fluores-
cence imaging method for investigating the mitochondrial
redox state of kidneys and heart in response to low and high
doses (10 and 25mg/kg) of T{AM. This method detects
changes in the oxidation state of the mitochondrial respira-
tory chain by using NADH RR as a quantitative marker to
evaluate OS in treated and control tissues.

T1AM is an endogenous primary amine, structurally
related to the TH, which produces profound metabolic
effects. Endogenously produced T;AM has been detected
in vivo at nanomolar concentrations in several rat tissues,
mouse brain, as well as in human, rat, mouse, and guinea
pig blood.*® The physiological role of T{AM is still under
investigation, and recent data suggest that it may have
metabolic and endocrine effects.” Different pharmaco-
logical responses have been elicited after administration
of exogenous T;AM. Acute administration of T;AM rapidly
induces hypothermia, bradycardia, and hyperglycaemia in
rodents. In addition, in Siberian hamsters, a hibernating
rodent, as well as mice, acute high-dose T{AM induces a
profound fuelling shift away from carbohydrates and
towards fat burning.* In the Siberian hamsters, this fuelling
change is characterized by a change in respiratory quotient
(RQ) from normal value of 0.9 to 0.7 that persists for 48h
after a single dose of T;AM.* We have recently found that
daily dosing of T{AM (10 mg/kg/ day) for two weeks leads
to significant weight loss in diet-induced obese mice. Taken
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Figure 2 Representative max projected NADH, FAD and RR images and histograms comparing Redox Ratio intensity for hearts from control and T;AM treated

groups. Colours blue to red indicate arbitrary normalized levels of redox states from 0 to 5, NADH and FAD from 0 to 200 from minimum to maximum intensity levels.
Oxidative stress causes less oxidation in the NADH redox histogram of both the low dose- (green histogram) and high dose-treated groups (red histogram) as compared
to control (blue histogram) group. Mean values of these histograms were calculated according to equation (2). (A color version of this figure is available in the online

journal)

together, all these findings provide evidence that T;AM
may have great potential as a drug for the treatment of
obesity and body weight management. Therefore, in order
to develop T{AM as a drug for weight loss, it is critical to
gain a better understanding of its metabolic actions and the
pathways affected. The present study allowed us to quan-
tify NADH RR signals as a marker for the energy metabol-
ism pathway via NADH/FADH2/ATP production and to
follow changes in the rate of metabolism in the kidneys and
heart of animals treated with T{AM.

Recent findings indicate that exogenously administered
T1AM was taken up by virtually every mouse tissue, with
the highest concentrations detected in the liver, kidney, and
gastrointestinal tract suggesting biliary and urinary excre-
tion associated with long term liver storage.” As a result, we
expected a higher change in the T;AM treated mitochon-
drial oxidative state in the kidneys than in the heart.

In isolated hearts, exogenously administered T;AM
decreased cardiac contractility” and increased the resistance
to ischemic injury.** Cardio protection occurs at TAM con-
centrations much lower than those able to affect contractile

function, and is probably linked to modulation of mito-
chondrial permeability transition and/or ischemic arrest
time.>?> A recent study revealed that mitochondrial F;F,-
ATP synthase, the enzyme that catalyzes the phosphoryl-
ation of ADP to ATP at the expense of a proton-motive force
generated by the electron transport chain in energy trans-
ducing membranes,® is an additional molecular target of
T;AM.* Interestingly, when applied to heart-derived cells,
T, AM elicited a twofold effect on activation of the F{F,-ATP
synthase at low nanomolar concentrations, whereas it
resulted an inhibition of enzymatic activity at higher con-
centrations, thereby affecting cell bioenergetics.
Previously, it was also proposed that the mitochondrion
is the main target for other TH derivatives such as the diio-
dothyronines. The inner membrane of rat liver mitochon-
dria contains iodothyronine-binding sites, showing the
greatest affinity for 3,5-diiodothyronine (3,5-T2) and 3,3'-
diiodothyronine (3,3'-T2).%® The administration of such sub-
stances to hypothyroid rats stimulates liver mitochondrial
respiration.36 However, in vitro addition of T{AM at low
nanomolar concentration produces an inhibitory effect,®”
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Figure 3 Bar graph plot comparing the mean values of the histograms of max
projected images from kidneys obtained from control and high dose T{AM-
treated mice. The results show a significant difference between control and
treated kidneys (*indicates P =0.047, n =4). Error bars: SEM; P values were
obtained from two-tailed Student’s t-test. (A color version of this figure is avail-
able in the online journal)
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Figure 4 Bar graph plot comparing the mean values of the histograms of max
projected images from hearts obtained from control and high dose T;AM-treated
mice. The result shows significant difference between control and treated hearts
(*indicates P =0.008, n =3). Error bars: SEM; P values were obtained from two-
tailed Student’s t-test. (A color version of this figure is available in the online
journal)

which may be consistent with its ability to induce hypother-
mia in vivo."

This study revealed increase versus decrease of the OS
level in the mitochondrial respiratory chain of kidney
versus heart from the T{AM treated mice as compared to
corresponding control untreated tissues. The maximum
projection images (Figure 1, right vs. left panels) show
that in the high dose T;AM-treated kidneys, the NADH
concentration is lower (darker image) and the FAD concen-
tration is higher (brighter image) as compared to those of
kidneys from control mice, indicating a significant decrease

in the NADH RR in kidneys from the high dose T;AM
treated versus the control tissue. The significant difference
in the mean values of NADH RR of the two histograms in
Figure 1 shows a significant increase, 19% (£ 0.4), in the OS
level in kidneys from the high dose T; AM-treated mice.

Moreover, the maximum projection images in Figure 2
demonstrate that the NADH concentration in the low dose
and high dose T{AM treated hearts is higher (brighter
image) and the FAD concentration is lower (darker image)
than those of control hearts. These changes signify an
increase in the NADH RR of both low dose- and high
dose-treated hearts versus control hearts, indicating less
OS in the heart which is consistent with the previously
reported protective role of T;AM in this tissue.*>*® The dif-
ference in the mean values of the red and green histograms
as compared to the blue histogram (Figure 2) indicates a
lower oxidation state in the high than in the low dose
T1AM-treated hearts (14% vs. 9% decrease as compared
with controls).

Our results show consistent dose dependent effects of
T1AM in the mitochondrial redox state in heart and kid-
neys. These changes include a 19% (£0.4) decrease in the
mean value of NADH RR of the high dose treated kidneys
and 14% (£0.5) increase in the mean NADH RR of the high
dose-treated hearts as compared to their appropriate con-
trols, indicating that the NADH RR can be used as a reliable
marker to quantify changes of the OS in tissues.

Our results suggest that T{AM is a potent amine with a
different physiological stimulation in the kidney versus
heart. These differences may be related to different levels
of T{AM uptake in different tissues. Comparing the treated
kidneys to the treated hearts, the change in the mean value
of NADH RR is greater in kidneys, indicating a higher OS in
this tissue than in the heart, consistent with higher accumu-
lation of T;AM in kidneys than in the heart.*

Previous studies showed that T{AM treatment increased
lipid breakdown and decreased lipid synthesis. Hence,
excess lipid mobilization at high T;AM concentration may
also cause more OS in highly metabolically active organs
such as kidney and liver.

Our assumption in this study is that changes in the mito-
chondrial pool of NADH are a key contributor to the mea-
sured changes in the NADH fluorescence signal. However,
cytosolic NADH, nuclear NADH, and NADPH also con-
tribute to the observed effects,* given that their fluores-
cence characteristics are the same as NADH. Chance et al.
demonstrated that the fluorescence signal originates mostly
from NADH in the mitochondria and the contribution of
NADH —present in cytosol —is very small.®® It has also
shown that the concentration of NADH is about five
times greater than NADPH; the NADH quantum yield is
1.25-2.5 times greater than NADPH, and metabolic perturb-
ations only affect NADH.***° Since cytosolic NADH and
NADPH have been shown to fluoresce at levels much less
intense than NADH, these contributions can be considered
negligible.

Unlike NADH which has cytosolic and mitochondrial
components, FAD are strictly localized within the mito-
chondria®' and therefore the FAD signal derives only
from the mitochondria.*?
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In conclusion, our results demonstrate quantitative cap-
ability of an optical cryoimaging technique to measure the
tissue mitochondrial redox state in control or treated tis-
sues. Our method is a direct analysis of the cellular meta-
bolic state within the mitochondrial compartment of tissue.
Here, we have applied our technique to the kidney and
heart of low and high dose T{AM-treated mice, which has
not previously been reported. Our results show that treat-
ment with T;AM has a significant impact on the tissue-spe-
cific oxidative state of the mitochondria. Also, these data
support the need for further study to discover the mechan-
ism of action and metabolic pathways affected by T1AM,
which may increase TIAM’s potential as a future human
weight loss drug.
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