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Abstract: The effects of insulin on the bioenergetic and thermogenic capacity of brown adipocyte
mitochondria were investigated by focusing on key mitochondrial proteins. Two-month-old male
Wistar rats were treated acutely or chronically with a low or high dose of insulin. Acute low insulin dose
increased expression of all electron transport chain complexes and complex IV activity, whereas high
dose increased complex II expression. Chronic low insulin dose decreased complex I and cyt ¢
expression while increasing complex II and IV expression and complex IV activity. Chronic high
insulin dose decreased complex I, III, cyt ¢, and increased complex IV expression. Uncoupling protein
(UCP) 1 expression was decreased after acute high insulin but increased following chronic insulin
treatment. ATP synthase expression was increased after acute and decreased after chronic insulin
treatment. Only a high dose of insulin increased ATP synthase activity in acute and decreased it in
chronic treatment. ATPase inhibitory factor protein expression was increased in all treated groups.
Confocal microscopy showed that key mitochondrial proteins colocalize differently in different
mitochondria within a single brown adipocyte, indicating mitochondrial mosaicism. These results
suggest that insulin modulates the bioenergetic and thermogenic capacity of rat brown adipocytes
in vivo by modulating mitochondrial mosaicism.
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1. Introduction

Brown adipose tissue (BAT) is a unique mammalian organ involved in maintaining body
temperature and regulating body weight and energy balance through non-shivering thermogenesis [1].
Dissipation of excess energy can be induced by cold or diet [1,2], and brown adipocytes containing a
large number of mitochondria perform this function.

Numerous studies have shown the importance of insulin in the regulation of BAT activity [3-5],
glucose homeostasis, and insulin sensitivity [6,7]. The interplay between thermogenesis, insulin,
and BAT mitochondria and their role in diabetes and obesity has been debated for many years
since early studies revealed a specific decrease in mitochondrial thermogenic capacity [8] and major
thermogenic defects associated with insulin resistance in brown adipose tissue of obese diabetic rats [9].
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It was also shown that mitochondrial dysfunction has a cell type-dependent divergent effect on insulin
action [10].

Mitochondria are essential for life and normal cellular function, such as ATP production, calcium
homeostasis, synthesis of phospholipids and heme, 3-oxidation of fatty acids, activation of apoptosis,
and cell death. The inner mitochondrial membrane harbors the major electron transport chain (ETC)
complexes I-IV, as well as ATP synthase that utilizes the proton gradient generated by the electron flow
through the ETC to produce ATP [11]. Upon BAT activation, uncoupling protein (UCP) 1 inserts into
the inner mitochondrial membrane and uncouples respiration and ATP production, dissipating the
proton gradient and producing heat [12].

Regarding UCP1 presence in BAT, Cinti et al. [13] reported that after cold acclimation or
administration of a 33-receptor agonist, BAT displays heterogeneous UCP1 expression known as the
Harlequin effect, which indicates heterogeneity in the thermogenic capacity of brown adipocytes.
It has been proposed that the role of Harlequinism might be the result of alternative UCP1 gene
activation and protein expression in neighboring brown adipocytes as a kind of protective mechanism
to avoid metabolic and thermogenic damage in stimulated brown adipocytes [13]. Although brown
adipocytes also show intracellular mitochondrial heterogeneity, e.g., differences between peridroplet
and cytoplasmic mitochondria [14], the exact role of the Harlequin effect remains unclear. Particularly,
it is not known whether brown adipocytes exhibit heterogeneous expression of other mitochondrial
proteins, especially those involved in bioenergetic capacity. Therefore, there is a need to investigate
BAT mitochondria metabolism in a subpopulation-specific manner and in the presence of physiological
stimuli that modify the mitochondrial function in vivo.

Mitochondrial energy-transducing capacity is essential for the maintenance of cellular function,
and impaired mitochondrial energy metabolism/redox homeostasis is a hallmark of metabolic diseases
such as obesity and diabetes [15-17]. Mitochondria are organized in networks by fission and fusion
events, and both heterogeneity and compartmentalization of energy production are visible within
mitochondrial tubules, at least in vitro [18], although in vivo data are missing.

The association between mitochondrial homeostasis and insulin signaling has received much
attention recently. A study on liver mitochondria in diabetic and non-diabetic rats revealed that insulin
is important for efficient ATP production [19], and recent studies on skeletal muscle showed that
insulin improves mitochondrial function [20,21]. However, Boirie et al. [22] reported that insulin affects
mitochondrial proteins in a tissue-specific manner, and insulin is reported to induce insulin resistance
more than hyperglycemia, as shown in diabetes type 1 [23]. Mild hyperinsulinemia can be tolerated for
a short time, but chronic hyperinsulinemia triggers insulin resistance and contributes to the etiology of
diabetes [24]. The role of mitochondria in insulin resistance is still controversial, and it is not clear
whether mitochondrial dysfunction is a cause or consequence of insulin resistance, at least in skeletal
muscle [16,25].

Our previous studies also showed that insulin treatment affects BAT mitochondria, were a high
chronic dose induced mitochondrial damage and lipofuscin formation [26] as well as apoptosis of
brown adipocytes [27], demonstrating the role of insulin in tissue energetic/thermogenic profiling.

In this study, we attempted to elucidate how insulin modulates the mitochondrial bioenergetic
and thermogenic capacity of brown adipocytes by analyzing the expression and colocalization of key
mitochondprial proteins, i.e., ETC complexes, ATP synthase, and UCP1.

2. Results

2.1. Transmission Electron Microscopy

Bearing in mind that the protein expression profile in whole tissue does not represent
mitochondria-only proteins, we first decided to examine the effects of hyperinsulinemia on key
mitochondrial ETC complexes, ATP synthase, and UCP1 protein expression on isolated mitochondria.
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In order to check the yield, purity, and quality of mitochondrial isolation, we used transmission
electron microscopy.

Careful examination of randomly chosen samples (pooled from six animals in each group; 18 images
per group) confirmed that mitochondria-enriched fractions (MEF) were devoid of cellular contaminants
(i.e., the nucleus, microsomes, or plasma membrane) and consisted of rounded mitochondria with a

variable number of lamellar cristae similar in size and appearance to those from brown adipocytes
(Figure 1).

Figure 1. Representative transmission electron microscopy of the mitochondria-enriched fraction from
brown adipose tissue (BAT) of acute low (0.4 IU) dose insulin-treated rats. Scale bar = 2 pm.

2.2. Expression of Electron Transport Chain Components in MEF

The protein expression levels of the ETC complexes in the BAT mitochondria-enriched fractions
were determined by Western Blot analysis following acute (Figure 2) or chronic (Figure 3) insulin
treatment with either a low (0.4 IU) or high (4 IU) dose, respectively.
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Figure 2. Effects of acute insulin treatment on the expression of electron transport chain (ETC) complexes
and cyt ¢ in mitochondria-enriched fractions (MEF). Protein content is expressed relative to controls,
which were standardized to 100%. Mean + SEM values are averages of three independent experiments
performed in triplicate (pooled from six animals in each group). A representative blot is shown. Volume
is the sum of all pixel intensities within a band (1 pixel = 0.007744 mm?). * compared to control:
**p <0.01,** p <0.001;* 0.4 TU vs. 4 TU: # p < 0.05, # p < 0.01, ## p < 0.001.
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Figure 3. Effects of chronic insulin treatment on the expression of ETC complexes and cyt ¢ in MEF.
Protein content is expressed relative to controls, which were standardized to 100%. Mean + SEM values
are averages of three independent experiments performed in triplicate (pooled from six animals in
each group). A representative blot is shown. Volume is the sum of all pixel intensities within a band
(1 pixel = 0.007744 mm?). * compared to control: ** p < 0.01, ***p < 0.001; * 0.4 IU vs. 4 TU: # p < 0.05;
## p <0.01; " p <0.001.

Acute treatment with a low dose of insulin increased protein expression of all examined ETC
complexes and cyt ¢, while acute high dose of insulin increased only complex II protein level,
compared to control.

Compared to control, a chronic low dose of insulin decreased protein expression of complex I and
cyt ¢, and increased complex II and IV expression. Chronic high dose of insulin decreased the protein
expression of complex IL, III, and cyt ¢, and increased complex IV expression.

2.3. UCP1 Expression in MEF

In comparison to control, acute insulin treatment decreased UCP1 protein expression in the high
(4 IU) insulin group (Figure 4A). In contrast, both doses of chronic insulin treatment increased UCP1
protein expression (Figure 4B).
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Figure 4. Effects of acute (A) and chronic (B) insulin treatment on the expression of uncoupling protein
(UCP) 1 in MEF. Protein content is expressed relative to controls, which were standardized to 100%.
Mean + SEM values are averages of three independent experiments performed in triplicate (pooled from
six animals in each group). A representative blot is shown. Volume is the sum of all pixel intensities
within a band (1 pixel = 0.007744 mm?). * compared to control: ** p < 0.01, ** p < 0.001; ¥ 0.4 IU vs.
4TU: ¥ p < 0.001.
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2.4. Expression of ATP Synthase and IF1 in MEF

Acute insulin treatment increased ATP synthase and ATPase inhibitory factor 1 (IF1) protein
expression, independent of the applied dose (Figure 5). In contrast, chronic insulin treatment decreased
ATP synthase but increased IF1 levels, and this effect was more prominent in the high (4 IU) dose
group (Figure 6).
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Figure 5. Effects of acute insulin treatment on the expression of ATP synthase and inhibitory factor
1 (IF1) in MEF. Protein content is expressed relative to controls, which were standardized to 100%.
Mean + SEM values are averages of three independent experiments performed in triplicate (pooled from
six animals in each group). A representative blot is shown. Volume is the sum of all pixel intensities
within a band (1 pixel = 0.007744 mm?). * compared to control: *** p < 0.001; #0410 vs. 4 IU:
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Figure 6. Effects of chronic insulin treatment on the expression of ATP synthase and IF1 in MEFR.
Protein content is expressed relative to controls, which were standardized to 100%. Mean + SEM values
are averages of three independent experiments performed in triplicate (pooled from six animals in
each group). A representative blot is shown. Volume is the sum of all pixel intensities within a band
(1 pixel = 0.007744 mm?). * compared to control: *** p < 0.001; ¥ 0.4 TU vs. 4 TU: ## p < 0.001.

2.5. Complex IV and ATP Synthase Activity

To further investigate whether insulin-induced changes of complex IV and ATP synthase protein
expression levels also affect their function, we determined complex IV and ATP synthase activity in
BAT mitochondria-enriched fractions following acute or chronic treatment with either low (0.4 IU) or
high (4 IU) insulin dose, respectively.

Acute and chronic treatments with a low dose of insulin increased complex IV activity compared
to control (Figure 7).
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Figure 7. Relative complex IV activity following acute and chronic insulin treatment. Data showing
complex IV activity, expressed relative to a control (taken as 100%), represent the means + SEM values
of three independent experiments. * compared to control: ** p < 0.01, *** p < 0.001; # 0.4 TU vs. 4 IU:
# 1 <0.01, ¥ p <0.001.

Acute insulin treatment increased, while chronic insulin treatment decreased ATP synthase activity
only in high (4 IU) dose treated groups (Figure 8).
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Figure 8. Relative ATP synthase activity following acute and chronic insulin treatment. Data showing
ATP synthase activity, expressed relative to a control (taken as 100%), represent the means + SEM
values of three independent experiments. * compared to control: * p < 0.05,** p < 0.01; ¥ 0.4 IU vs. 4 TU:
#t

p <0.0L

2.6. Mitochondrial Protein Stoichiometry

Immunoblotting showed that insulin affected protein expression differently, so we further
calculated their ratio. The ratio of interest is ATP synthase:IF1 stoichiometry (Table 1)—both doses
of insulin decreased this ratio in acute-treated groups, where a low dose of insulin showed a more
prominent effect. A similar pattern was observed with ATP synthase:UCP1 stoichiometry.

Chronic insulin administration increased ATP synthase:IF1 and ATP synthase:UCP1 stoichiometry
ratios in both dosage treatments. It should be pointed out that the UCP1:IF1 ratio was somewhat stable
during insulin treatment.

2.7. Immunofluorescence of ETC Complexes and UCP1

Considering these clear and prominent insulin-induced changes of bioenergetic and thermogenic
proteins, we analyzed whether this effect was related to the Harlequin pattern of UCP1 localization in
BAT. Therefore, cellular localization and immunoexpression of ETC complexes and UCP1 were studied
by confocal microscopy following acute or chronic treatment with a low (0.4 IU) or high (4 IU) dose of
insulin (Figure 9).
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Table 1. Mitochondrial protein stoichiometry following acute and chronic insulin treatment.

Acute Treatment

Control 0.4 IU 410
ATP synthase IF1 ~ UCP1 ATPsynthase IF1  UCP1 ATPsynthase IF1  UCP1
IF1 29.97 1 0.80 23.57 1 0.88 25.93 1 0.86
UCP1 37.65 1.26 1 26.88 1.14 1 30.30 1.17 1
Chronic treatment
Control 041U 41U
ATP synthase  IF1 UCP1  ATP synthase IF1 UCP1  ATP synthase IF1 UCP1
IF1 26.84 1 0.80 34.55 1 0.84 38.65 1 0.82
UCP1 33.36 1.24 1 41.05 1.19 1 47.10 1.22 1
Acute Chronic
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Figure 9. Immunofluorescence of UCP1 and ETC complexes in BAT following acute and chronic insulin
treatment. Double labeling with antibodies against UCP1 (green) and ETC complexes (red). Harlequin
effect is shown with arrowheads. BAT showed various brown adipocytes with different degree of
immunoexpression: UCP1-only brown adipocytes (light-blue star); UCP1 predominantly positive
brown adipocytes (green star); brown adipocytes with clear colocalization of UCP1 and specific ETC
complex (yellow star); specific ETC complex predominantly positive brown adipocytes (pink star);
and specific ETC complex-only brown adipocytes (red star). L—lipid bodies. Nuclei were stained with
Sytox Orange. Scale bar = 50 um (first row) and 10 um (second row).
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In all experimental groups, brown adipocytes showed a clear heterogeneous immunolocalization
of different ETC complexes and UCP1, known as the Harlequin effect (Figure 9). Several types
of brown adipocytes were observed based on UCP1 and specific ETC complex immunoexpression
(Figure 9). Some were only or predominantly positive for UCP1 or ETC complex, some were UCP1
negative (e.g., preadipocytes), while others displayed clear colocalization of UCP1 and specific ETC
complexes. Individual white adipocyte-like adipocytes were interspersed within BAT and exhibited
strong immunolocalization of complexes I, II, and III around lipid bodies (L).

Moreover, brown adipocytes showed immunofluorescence heterogeneity at the mitochondrial
level (Figure 10A). The mitochondrial heterogeneity was confirmed by analyzing Pearson’s coefficient
of correlation between UCP1 and mitochondrial proteins of interest, performed on ten mitochondria
within a single brown adipocyte in all experimental groups (Figure 10B).

Pearson's coefficients of correlation between UCP1
and specific protein (mean £ SEM; 10 mitochondria)

UCP1/ Acute
Control 041U 41u
Complex | 0.213 + 0.056 [ 0.174 + 0.035 [ 0.094 = 0.179
Complex Il 0.280+0.064 0.193+0046 0.182=0.036
Complex Il 0.230+0.037 0.271+0074 0.204 =0.039

Complex IV 0.352+0.078 0.346+ 0053  0.208 = 0.048
ATP synthase | 0.171+0.042 0212 +0.058 0458 +0.077

IF1 0.396 + 0.087 0.293 + 0.047 0.191 £ 0.052
Chronic
Control 041U 410
Complex | 0.253+0.088 0.178 +0.068  0.186 = 0.043
Complex Il 0.150 £ 0.044  0.118 +0.023 = 0.219 = 0.041
Complex Ill 0216+ 0.065 0268+0058 0.201 +0.059

Complex IV 0.178=0.044  0.137 +0.026 = 0.302 = 0.084
ATP synthase | 0.262+0.052 0.325+0.065 0.295=0.075
IF1 0.282+0.079 0.159 £+0.045  0.246 = 0.054

B

Figure 10. Representative images showing the Harlequin effect in brown adipocyte and the types of
mitochondria. Double labeling with antibodies against UCP1 (green) and complex I (red). Nuclei were
stained with Sytox Orange. (A) Representative BAT image from chronic low (0.4 IU) insulin group.
Brown adipocytes showed various mitochondrial types: a. UCP1-only positive mitochondria; b. UCP1
predominantly positive mitochondria; c. UCP1 and complex I colocalized mitochondria; d. complex I
predominantly positive mitochondria; e. complex I-only positive mitochondria. Pearson’s coefficient of
correlation is shown in the upper right corner for each type of mitochondria. (B) Pearson’s coefficients
of correlation between UCP1 and specific protein (mean + SEM; 10 mitochondria within single brown
adipocyte from each group). Scale bar = 10 um (A).

Smaller and less mature brown adipocytes displayed lower UCP1 fluorescence compared to
the adjacent larger and mature brown adipocytes. Brown adipocytes with numerous and smaller
lipid bodies, exhibited stronger UCP1 immunofluorescence, too. In contrast, complex I-positive
mitochondria were more intense around lipid bodies in brown adipocytes with bigger lipid bodies.
In acute groups, complex I and UCP1 fluorescence in the high (4 IU) insulin group was reduced
compared to the low (0.4 IU) insulin group and control. In chronically treated groups, complex I
immunofluorescence appeared at a similar level. Complex I immunofluorescence is more localized at
the BAT periphery in both controls. Complex II shared a similar immunoexpression pattern as complex
L. Complex II positive brown adipocytes were randomly dispersed and more localized near fibrous
septa in both controls.

We also found a mosaic pattern of brown adipose cells exhibiting various levels of UCP1 and
complex III localization, where more complex III immunofluorescence was observed in the acute low
(0.4 IU) insulin group.
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Compared to other ETC complexes, more colocalization of complex IV and UCP1 was observed
in brown adipocytes in insulin-treated groups. Complex IV positive brown adipocytes were mostly
localized at the BAT periphery in all experimental groups.

2.8. Immunofluorescence of ATP Synthase/UCP1 and IF1/UCP1

Confocal microscopy of brown adipocytes from acutely low (0.4 IU) and high (4 IU) dose
insulin-treated animals showed heterogeneity of UCP1 and ATP synthase immunofluorescence, as did
the control group (Figure 11A-C). Both control and insulin-treated groups showed that the majority
of UCP1 positive mitochondria were localized around lipid bodies (L), while ATP synthase positive
mitochondria mostly remained in the cytoplasm of brown adipocytes after acute insulin treatments
(Figure 11D-F).

Control

P1+nuclei

ATP synthase+

P1+nuclei

IF1+l

Figure 11. Immunofluorescence of UCP1/ATP synthase and UCP1/IF1 in BAT following acute insulin
treatment. (A-F) Double labeling with antibodies against UCP1 (green) and ATP synthase (red).
(G-L) Double labeling with antibodies against UCP1 (green) and IF1 (red). Harlequin effect is shown
with arrowheads. BAT showed various brown adipocytes with different degrees of immunoexpression:
UCP1-only brown adipocytes (light-blue star); UCP1 predominantly positive brown adipocytes
(green star); brown adipocytes with clear colocalization of UCP1 and ATP synthase/IF1 (yellow star);
ATP synthase/IF1 predominantly positive brown adipocytes (pink star); and ATP synthase/IF1-only
brown adipocytes (red star). L—lipid body; P—preadipocyte. Nuclei were stained with Sytox Orange.
(A-C,G-I), scale bar = 50 um. (D-F,J-L), scale bar = 10 pm.
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Colocalization studies using anti-UCP1 and anti-ATPase inhibitory factor 1 (IF1) primary antibodies
revealed heterogeneity of UCP1 or IF1 localization brown adipocytes in the control group (Figure 11G).
That randomly dispersed Harlequin pattern of UCP1 and/or IF1 positive brown adipocytes was
diminished in acutely treated groups, and overall IF1 immunofluorescence was higher in the low
(0.4 IU) dose group compared to the high (4 IU) dose group and control (Figure 11H,I). Preadipocytes
did not show UCP1 immunofluorescence (Figure 11]), while brown adipocytes displayed a range of
UCP1 and IF1 (co)localization in mitochondria (Figure 11K,L).

In chronically treated animals, similar heterogeneity and localization of UCP1 and ATP synthase
immunoexpression in BAT were revealed, as in acute groups, but ATP synthase immunofluorescence
was diminished in both chronically treated groups compared to control (Figure 12A-F). The gradual
dose-dependent increase of IF1 immunofluorescence was observed in insulin-treated groups compared
to control (Figure 12G-L).

Control

ATP synthase+UCP1+nuclei

IF1+UCP1+nuclei

Figure 12. Immunofluorescence of UCP1/ATP synthase and UCP1/IF1 in BAT following chronic insulin
treatment. (A-F) Double labeling with antibodies against UCP1 (green) and ATP synthase (red).
(G-L) Double labeling with antibodies against UCP1 (green) and IF1 (red). Harlequin effect is shown
with arrowheads. BAT showed various brown adipocytes with different degrees of immunoexpression:
UCP1-only brown adipocytes (light-blue star); UCP1 predominantly positive brown adipocytes
(green star); brown adipocytes with clear colocalization of UCP1 and ATP synthase/IF1 (yellow star);
ATP synthase/IF1 predominantly positive brown adipocytes (pink star); and ATP synthase/IF1-only
brown adipocytes (red star). L—lipid body. Nuclei were stained with Sytox Orange. (A-C,G-I),
scale bar = 50 um. (D-F,J-L), scale bar = 10 um.
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Furthermore, double immunofluorescence using anti-IF1 and anti-ATP synthase primary
antibodies (Figure 13) revealed their strong colocalization, independent of the applied dose.

Acute Chronic

Figure 13. Immunofluorescence of IF1/ATP synthase in BAT following acute and chronic insulin
treatment. Double labeling with antibodies against IF1 (green) and ATP synthase (red). Harlequin effect
is shown with arrowheads. L—lipid body. Nuclei were stained with Sytox Orange. Scale bar = 10 um.

3. Discussion

In the present study, we have examined the effects of insulin on crucial proteins involved in
brown adipocytes’ mitochondria bioenergetic and thermogenic capacity by analyzing the expression,
activity, and immunolocalization of key mitochondrial proteins. Rats were treated either acutely or
chronically with low (0.4 IU) or high (4 IU) doses of insulin. We observed a number of prominent
effects which proved to be dose- and treatment duration-dependent. The main finding was that insulin
modulates the bioenergetic and thermogenic capacity of rat brown adipocytes in vivo by modulating
mitochondrial mosaicism.

We found that acute insulin treatment stimulates protein expression of all studied ETC complexes
in a low dose, whereas a high dose stimulates only complex II expression. This is a consequence
of insulin-stimulated glucose uptake, well documented in vitro [28] and in vivo, in rodent [29] and
human BAT [6], which leads to increased acetyl-CoA. Acetyl-CoA enters the citric acid cycle, leading to
elevated levels of NADH and succinate, substrates of complex I and complex II, thus enhancing
ETC activity.

In the case of chronic insulin treatment, we found that a low dose decreases cyt ¢ and
complex I protein expression, while a high dose decreases cyt ¢, complex II, and complex III
expression. It is possible that chronic glucose uptake leads to excessive NADH production, thereby
increasing the mitochondrial proton gradient, and as a result, single electrons are transferred to
oxygen, forming reactive oxygen species (ROS) [30]. Under such pressure, cells may reduce ROS
production by (a) suppressing NADH production or (b) stopping substrate entry into mitochondria [31].
Insulin also stimulates H,O, production, a molecule with an important role in insulin signaling [32-34].
In mitochondria respiring on succinate, the bulk of ROS is produced by complex II [35] and complex
I during reverse electron transport from complex II [36,37]. In vitro study on neurons showed that
insulin-stimulated H,O, production enables insulin receptor autophosphorylation in an all-or-nothing
manner resulting in increased receptor tyrosine kinase activity [38]. Taken together, insulin stimulates
brown adipocytes and regulates protein expression of complex I and complex II to maintain optimal
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utilization of substrates, balancing between maximizing ATP production and minimizing excessive
ROS production, which could be the case in hyperinsulinemia.

Interestingly, complex IV protein level was increased with a low (0.4 IU) dose in both acute- and
chronic-treated groups, along with their activity. To the best of our knowledge, data on complex
IV expression and activity following insulin treatment in brown adipocytes have not been reported
previously, and this is the first study to broach this subject. The fact that a low dose of insulin
synergistically enhanced both expression and activity of complex IV underlines their importance for
the respiratory chain function since it catalyzes the terminal reaction, four-electron reduction of oxygen
to water.

Acute insulin treatment also stimulated ATP synthase expression which is consistent with the
observed increase in ETC complexes expression. This would be expected to lead to the translocation of
a greater number of protons through the inner mitochondrial membrane and elevated ATP synthase
activity following coupling to the proton gradient. Furthermore, chronic insulin treatment decreased
ATP synthase expression, along with other components of the ETC, which may reflect a reduction in
the efficiency of proton translocation by other components of the ETC. Alternatively, a decrease in
ATP synthase expression is reported to be accompanied by an increase in UCP1 expression in BAT,
especially during cold acclimation of mice, or in BAT ontogenesis [39], where brown adipocyte fulfills
its essential role—using proton gradient to generate heat for maintaining body temperature.

Another intriguing finding from our study is the increased expression of IF1, irrespective of the
insulin dose or treatment duration, showing that IF1 expression is under direct insulin control. It opens
many questions regarding their role in brown adipocytes mitochondria since we found that chronic
insulin treatment, regardless of the dose applied, induced their uncoupling.

Namely, it was previously shown that IF1 inhibits the transition from ATP synthase to
ATPase activity in the presence of particular chemical uncouplers such as carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) and 2,4-dinitrophenol (DNP) [40]. Furthermore, proteomic
analysis of murine BAT following cold treatment showed a two-fold increase in IF1 expression, and IF1
up-regulation may serve to down-regulate ATP hydrolysis in brown adipocytes mitochondria with
an elevated thermogenic capacity [41]. Bearing in mind our finding that chronic insulin treatment
stimulated uncoupling, it is possible that IF1 in our study has an additional role, perhaps in maintaining
cristae structure, which would be of great importance for brown adipocytes function in particular.
So far, Campanella et al. [42] proposed that IF1 has a structural role and contributes to the preservation
of the inner mitochondrial membrane structure since it has been reported to stabilize oligomers of ATP
synthase and thus determine cristae shapes [43].

It has also been shown that in osteosarcoma cells, IF1 can increase the oxidative phosphorylation
rate by improving the structure of mitochondrial cristae or by stimulating the activity of ATP
synthase [44]. Thus, elevated ATP synthase activity after acute high-dose insulin treatment compared
with ATP synthase protein expression after acute low-dose insulin is not merely due to increased
ATP protein expression but due to enhanced activity by IF1. Chronic treatment with a high dose of
insulin stimulates metabolic reprogramming, e.g., lipid and glycogen deposition in brown adipocytes
(not shown here), leading to decreased ATP synthase activity. The observed parallel and inverse changes
in the expression of ATP synthase and the inhibitor IF1 upon acute and chronic insulin treatment,
respectively, are of particular interest. To prevent excessive ROS production and unnecessary ATP
consumption that would otherwise lead to mitochondrial/brown adipocyte damage, IF1 is colocalized
with ATP synthase, as shown earlier in acute-treated groups. However, in chronic-treated groups with
a high (4 IU) dose of insulin, IF1 counteract is not successful in preventing mitochondrial peroxidative
damage [26] and results in brown adipocytes apoptosis reported earlier by our group [27]. This is
consistent with the found decreased expression of cyt ¢ after chronic treatment, irrespective of the
dose applied.

Observed changes in the protein expression of ETC complexes following insulin treatment may be
a result of compensatory mechanisms between different mitochondrial respiratory complexes [45-47].



Int. J. Mol. Sci. 2020, 21, 9204 13 of 20

It suggests that acute and chronic insulin treatment modulates the expression of major mitochondrial
proteins through fine metabolic reprogramming between mitochondrial thermogenic (uncoupling)
and bioenergetic capacity in brown adipocytes. Thus, insulin could promote balancing between the
bioenergetic and thermogenic phenotype of brown adipocyte by modulating its signature molecules,
e.g., respiratory chain complexes, IF1, and UCP1. Whether variations in mitochondrial complexes
expression contribute to metabolic heterogeneity within brown adipocyte is an important question for
future studies.

This hypothesis is further supported by the effects of chronic insulin treatment on UCP1 expression.
UCP1 up-regulation results in an increased thermogenic capacity of brown adipocytes, as reported
before [48], and uncoupling of oxidative phosphorylation. As a result, brown adipocytes up-regulate
IF1 to prevent unwanted degradation of ATP by ATP synthase. Furthermore, streptozotocin-induced
diabetic murine BAT revealed a substantial reduction in UCP1 expression, and insulin treatment of these
mice doubled the amount of UCP1 in BAT, suggesting an important role of insulin in UCP1-induced
thermogenesis [49]. However, long insulin treatment leads to a selective reduction of mitochondrial
respiration and uncoupling in murine BAT [50].

Although Western blotting analyses of the mitochondria-enriched fraction provides the best
insight into the insulin-induced changes in the expression of proteins involved in establishing and
maintaining the bioenergetic and thermogenic capacity of brown adipocytes, the exact cellular,
and mitochondrial localization remains unknown. Given this, we wanted to determine if brown
adipocytes displayed the Harlequin effect through the expression of ETC complexes and ATP synthase
and used immunofluorescence (IF) to investigate this.

Immunofluorescence analysis revealed the presence of UCP1-positive and UCP1-negative brown
adipocytes in BAT, especially in control groups, which is indicative of the Harlequin effect [13].
Moreover, we identified heterogeneity in IF data for ETC complexes, suggesting that different brown
adipocytes and different mitochondria within a single brown adipocyte can have different bioenergetic
profiles. Co-expression of ETC complexes and parallel changes in their expression patterns following
insulin treatment were also observed. Marked differences were apparent in different brown adipocytes,
suggesting that insulin modulates the expression of UCP1 and/or ETC complexes. However, IF data
showed a more homogenous pattern following chronic high-dose insulin treatment.

This study also suggests that insulin regulates bioenergetic and thermogenic capacities of rat brown
adipocytes by modulating the expression of key mitochondrial proteins, i.e., ETC complexes/UCP1.
We showed that key bioenergetic proteins (complexes I, II, III, IV, and ATP synthase) and thermogenic
protein UCP1 are immunolocalized not only in different brown adipocytes but also in different
mitochondrial subpopulations within a single brown adipocyte.

Our results from immunofluorescence and colocalization analysis along with expression and
activity of examined complexes strongly suggest the functional heterogeneity of mitochondria in brown
adipocytes, which has been proposed previously for other cell types [51-53]. The preferential presence
of UCP1 or ETC complexes and ATP synthase in mitochondria can be explained by differences in
bioenergetic and thermogenic capacity in different brown adipocytes or BAT areas. Some mitochondria
contained bioenergetic and thermogenic proteins colocalized in and around lipid droplets, even in
white adipocyte-like brown adipocytes, supporting their involvement in metabolic heterogeneity,
as showing that peridroplet mitochondria have enhanced bioenergetic capacity [14].

Stoichiometry of the respiratory chain complexes is important for understanding the relative
contribution of these complexes to oxidative phosphorylation and is often used as a tool for assessing
mitochondrial dysfunction in a cell. Here, we used this tool to assess the overall rate of proton
utilization for (a) ATP production by ATP synthase and (b) heat generation by UCP1. The somewhat
stable UCP1:IF1 ratio probably indicates that these proteins cooperate to ensure inhibition of ATPase
activity, which would be detrimental for normal cell functioning during proton dissipation as heat by
UCP1. This could be linked to the coexistence of brown adipocyte subtypes with different thermogenic
potentials [54].
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Hence, our results suggest that insulin modulates thermogenic and bioenergetic signatures in
brown adipocytes by modulating mitochondrial heterogeneity, e.g., mosaicism on the single-cell level.
This finding could help to elucidate the role of insulin in energy homeostasis and in various metabolic
disorders in which insulin may be the primary cause, such as hyperinsulinemia, insulin resistance,
and diabetes. This knowledge, in turn, may lead to novel therapeutic interventions that target BAT.
We intend to unravel the detailed molecular mechanisms of insulin-induced cristae remodeling in
future studies. Our results also point out that the known Harlequin effect in BAT due to different UCP1
expression among brown adipocytes is a consequence of mitochondrial heterogeneity. Furthermore,
BAT Harlequin zonation is a remarkable process by which BAT fulfills its thermogenic/metabolic
function and is reflected in the heterogeneity of brown adipocytes and mitochondrial heterogeneity in
bioenergetic and thermogenic capacities inside each brown adipocyte.

4. Materials and Methods

4.1. Experimental Design

All experimental procedures were approved by the Ethics Committee for the Treatment of
Experimental Animals (2013/08 from 19 September 2013, University of Belgrade-Faculty of Biology,
Serbia). Two-month-old male Wistar rats (190-260 g) were maintained under 22 + 1 °C, keptin 12 h
light/dark cycles with ad libitum access to standard pelleted food and water. The rats were divided
into six groups, each consisting of six animals. The first four groups were treated acutely (1 day) or
chronically (3 days) with low (0.4 IU/kg) or high dose (4 IU/kg, one intraperitoneal injection per day) of
insulin (Mixtard® 30, Novo Nordisk, Bagsveerd, Denmark). One IU corresponds to 35 pug of anhydrous
insulin. The last two groups served as controls and received an intraperitoneal injection of 0.9% saline
for one or three days (1 mL/kg). Three hours after the last injection, animals were sacrificed using a
decapitator (Harvard Apparatus, Holliston, MA, USA).

4.2. Isolation of Mitochondria-Enriched Fraction

The interscapular BAT was pooled from six rats and placed in an ice-cold 250 mM sucrose medium,
freed of white fat and connective tissues, and used for isolation of BAT mitochondria-enriched fraction.

BAT mitochondria-enriched fractions were isolated following a protocol published earlier [55].
Briefly, BAT was minced with fine scissors, homogenized using glass Potter-Elvehjem homogenizer
with a Teflon pestle, and filtered through two layers of surgical gauze. All tissues were kept at 0—4 °C
during the isolation. Homogenates were centrifuged at 8500x g for 10 min at 4 °C in a Beckman
Optima L-100 XP ultracentrifuge. After the first centrifugation, the resulting supernatant and fat
layer were discarded. The pellet was resuspended in ice-cold 250 mM sucrose, transferred to a
clean tube, and centrifuged again at 800x g for 10 min. The obtained supernatant was centrifuged
at 8500x g. The resulting pellet was resuspended in 250 mM sucrose medium with 1% EDTA and
0.6% fatty-acid-free BSA and centrifuged again at 8500x g for 10 min. Mitochondria-enriched pellets
were resuspended in a minimal volume of 250 mM sucrose medium, and protein concentration was
determined using Bradford assay. Aliquots were placed in liquid nitrogen and stored at —80 °C.

4.3. Western Blotting

After thawing, protein concentrations of mitochondria-enriched fractions were quantified again
using the Bradford assay. Sodium dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis (PAGE)
was performed following Laemmli [56]. Ponceau red staining was used to show no differences in
total protein quantities (Figure S1). Primary antibodies against: NADH-ubiquinone oxidoreductase
subunit NDUFA9 for complex I (2.5 pg/mL, ab55521), subunit A of succinate dehydrogenase SDHA
for complex II (0.1 pg/mL, ab14715), ubiquinol-cytochrome ¢ reductase core protein II UQCRC2 for
complex III (0.5 pg/mL, ab14745), cytochrome c (2.5 pg/mL), cytochrome c oxidase for complex IV
(0.1 pg/mL, ab14744), ATP synthase subunit beta ATPB (1 nug/mL, ab14730), ATPase inhibitory factor
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1—IF1 (1 pg/mL, ab110277), and uncoupling protein 1—UCP1 (1 pg/mL, ab10983) were purchased
from Abcam (Cambridge, UK). All used antibodies were chosen as they recognize the exact epitope,
a small amino acid sequence, which increases their specificity toward the target protein. In a number of
previous studies, we tested different antibodies (from various manufacturers) in different tissues and
found that the antibodies used here show the best specificity. Inmunoreactive bands were visualized
using enhanced chemiluminescence and Hyperfilm MP (Amersham), and were quantified using Image]
software (NIH, Bethesda, MD, USA). The volume represents the sum of all pixel intensities within
aband, and 1 pixel = 0.007744 mm?. We averaged the ratio of pixels per band for the target protein
in corresponding samples from three similar independent experiments. The mean values obtained
from the control group were taken as 100%, and those from insulin-treated groups were expressed as
percentages against the control.

4.4. Determination of Mitochondrial Protein Stoichiometry

Means for western blot densitometry were calculated for each protein by averaging densitometry
intensities of three similar independent experiments. Stoichiometries of these proteins were calculated
by simply dividing their mean WB densitometry intensities (normalized to 1 pug mitochondrial protein
content) with each other.

4.5. Immunofluorescence

Immediately after dissection, the left portion of BAT was fixed in 4% paraformaldehyde in
0.1 M phosphate-buffered saline at 4 °C overnight and processed routinely for embedding in paraffin.
For immunofluorescence analyses, 7 um thick paraffin-embedded BAT sections were deparaffinized
and rehydrated.

We used a double immunofluorescence assay to analyze the mutual presence of UCP1 and key
ETC proteins. After antigen retrieval in 10 mM citrate buffer for 10 min in a microwave oven and
washing in 0.1 M Tris-buffered saline (TBS), sections were incubated with 10% normal goat serum
(ab7481; Abcam) with 1% BSA for 60 min at room temperature. This was followed by overnight
incubation at 4 °C with a mixture of antibodies to UCP1 (1:1000) and NDUFA9 (1:100), UCP1 and
SDHA (1:100), UCP1 and UQCRC2 (1:100), UCP1 and complex IV (1:100), UCP1 and ATPB (1:100),
UCP1 and IF1 (1:100). After rinsing in TBS with 0.1% Tween-20 (TBS-T), sections were labeled with
an appropriate fluorochrome-conjugated secondary antibody mixture. UCP1 was labeled with Alexa
Fluor 488 secondary antibody (1:400, A-11034; Life Technologies, Waltham, MA, USA), and other
proteins were labeled with Alexa Fluor 633 antibody (1:400, A-21052; Life Technologies). After three
washings in TBS-T for 15 min each, the slides were counterstained with nuclear stain Sytox Orange
(1:1000, S11368; Life Technologies) for 5 min. As final steps, slides were washed in TBS and mounted
with Mowiol.

To analyze the mutual localization of IF1 and ATPB, we used a sequential immunofluorescence
assay. Briefly, after antigen retrieval in citrate buffer and blocking with 10% normal goat serum
and 1% BSA, sections were incubated overnight at 4 °C with primary antibody to IF1 (1:100).
After rinsing in TBS-T, sections were labeled with Alexa Fluor 488 secondary antibody (1:400, A-11029;
Life Technologies). Later, the slides were washed three times in TBS-T, blocked with 10% normal
goat serum and 1% BSA, and incubated with primary antibody to ATPB (1:100) overnight at 4 °C.
Rinsed in TBS-T, sections were incubated with Alexa Fluor 633 secondary antibody (1:400, A-21052;
Life Technologies). After washing in TBS-T, sections were counterstained with nuclear stain Sytox
Orange (1:1000) for 5 min. In the end, the slides were washed in TBS and mounted with Mowiol.

Images were acquired with Leica TCS SP5 II confocal microscope (Leica Microsystems, Wetzlar,
Germany) in sequential mode to avoid crosstalk between channels. This microscopy system consists
of an acousto-optical tunable filter (AOTF) for excitation control and acousto-optical beam splitter
(AOBS) for excitation-emission separation instead of a dichroic mirror, and the various emission
wavelengths are routed to the three filter-free spectral photomultiplier tube (PMT) detectors. The double
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immunolabeled sections were excited with 488 and 633 nm lasers, respectively. Nuclei were visualized
using 543 nm laser, and blue false-colored for clear distinction of green/red channels. The specificity
of immunofluorescence was tested by the omission of primary antibodies. To check for nonselective
staining (due to primary or secondary antibody specificity), we ran the negative controls in parallel.

4.6. Colocalization Analysis

Pearson’s coefficients of correlation were determined using Image]J plugin Coloc2 at the region
of interest (ROI) of randomly localized intramitochondrial regions drawn by freehand and applied
to images.

4.7. Transmission Electron Microscopy

Aliquots of freshly isolated mitochondria-enriched fractions were fixed with 2.5% glutaraldehyde
(v/v) in 01 M Serensen phosphate buffer (0.1 M Na,HPO4, 0.1 M NaH,PO4, pH 7.2).
Isolated mitochondria were centrifuged at 14,000x g for 10 min. The resulting pellets and BAT
were washed in PB and postfixed in 2% osmium tetroxide in the same buffer, then routinely dehydrated
using increasing concentrations of ethanol and embedded in Araldite. Ultra-thin sections of isolated
mitochondria and BAT were obtained using a Leica UC6 ultramicrotome (Leica Microsystems),
mounted on copper grids, and contrasted in uranyl acetate and lead citrate using Leica EM STAIN
(Leica Microsystems). Sections were examined on a Philips CM12 transmission electron microscope
(Philips/FEI, Eindhoven, The Netherlands) operated at 60 kV and equipped with the digital camera
SIS MegaView III (Olympus Soft Imaging Solutions, Miinster, Germany). The obtained electron
micrographs (pixel size: 8 X 8 nm?) were used for confirmation of mitochondrial isolation.

4.8. Complex IV Activity Assay

Complex IV activity was measured as the rate of reduced cytochrome c oxidation by cytochrome
c oxidase, as described previously [57]. The reaction buffer was 20 mM potassium phosphate with
15 uM reduced cytochrome c, pH 7.4, with the rate of oxidation being monitored by the decrease in
absorbance at 550 nm, at 30 °C. The reaction was started by adding 50 ug of mitochondrial protein to
1 mL of the reaction mixture. Cytochrome c oxidase activity of treated groups represents the means of
three independent experiments and is normalized to an appropriate control, taken as 100%.

4.9. ATP Synthase Activity Assay

ATP synthase activity was measured as the rate of hydrolysis of ATP generated by the conversion
of phosphoenolpyruvate (PEP) to pyruvate by pyruvate kinase (PK), linked to the reduction of pyruvate
to lactate by lactate dehydrogenase (LDH). The reaction buffer was 40 mM Tris-HCI, 10 mM EGTA,
0.2 mM NADH, 2.5 mM PEP, 25 ug/mL Antimycin A, 50 mM MgCl,, 0.5 mg/mL LDH, 0.5 mg/mL PK,
2.5 mM ATP, pH 8.0, with the rate being monitored by the oxidation of NADH to NAD+ at 340 nm,
at 30 °C. The reaction was started by adding 5 pg of mitochondrial protein to 1 mL of the medium.
The ATP synthase activity of treated groups represents the means of three independent experiments
and is normalized to an appropriate control, taken as 100%.

4.10. Chemicals

All chemicals used in this study were purchased from Sigma-Aldrich (Steinheim, Germany), if not
otherwise stated.

4.11. Statistical Analysis

ANOVA was used to test within-group comparisons using GraphPad Prism. If the F test
indicated an overall difference, Tukey’s test was applied to evaluate the significance of the differences.
Statistical significance was set at p < 0.05.
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Abbreviations

BAT Brown adipose tissue

BSA Bovine Serum Albumin

EDTA Ethylenediaminetetraacetic acid
ETC Electron transport chain

IF1 Anti-ATPase inhibitory factor 1

U International unit

MEF Mitochondria-enriched fraction

NADH  Nicotinamide adenine dinucleotide

ROS

Reactive oxygen species

ucCr1 Uncoupling protein 1

References

1.

10.

11.

12.

Cannon, B.; Nedergaard, J. Brown Adipose Tissue: Function and Physiological Significance. Physiol. Rev.
2004, 84, 277-359. [CrossRef] [PubMed]

Shore, A.M.; Karamitri, A.; Kemp, P; Speakman, J.R.; Graham, N.S.; Lomax, M.A. Cold-Induced Changes
in Gene Expression in Brown Adipose Tissue, White Adipose Tissue and Liver. PLoS ONE 2013, 8, e68933.
[CrossRef]

Matsuo, K.; Bettaieb, A.; Nagata, N.; Matsuo, I.; Keilhack, H.; Haj, F.G. Regulation of Brown Fat Adipogenesis
by Protein Tyrosine Phosphatase 1B. PLoS ONE 2011, 6, e16446. [CrossRef]

Mur, C.; Arribas, M.; Benito, M.; Valverde, A.M. Essential Role of Insulin-Like Growth Factor I Receptor in
Insulin-Induced Fetal Brown Adipocyte Differentiation. Endocrinology 2003, 144, 581-593. [CrossRef]
Rothwell, N.J.; Stock, M.]. A role for insulin in the diet-induced thermogenesis of cafeteria-fed rats. Metabolism
1981, 30, 673-678. [CrossRef]

Orava, J.; Nuutila, P,; Lidell, M.E.; Oikonen, V.; Noponen, T.; Viljanen, T.; Scheinin, M.; Taittonen, M.;
Niemi, T.; Enerback, S.; et al. Different Metabolic Responses of Human Brown Adipose Tissue to Activation
by Cold and Insulin. Cell Metabol. 2011, 14, 272-279. [CrossRef]

Stanford, K.I.; Middelbeek, R.J.W.; Townsend, K.L.; An, D.; Nygaard, E.B.; Hitchcox, KM.; Markan, K.R.;
Nakano, K.; Hirshman, M.E; Tseng, Y.-H.; et al. Brown adipose tissue regulates glucose homeostasis and
insulin sensitivity. J. Clin. Investig. 2013, 123, 215-223. [CrossRef]

Atgie, C.; Marette, A.; Desautels, M.; Tulp, O.; Bukowiecki, L.J. Specific decrease of mitochondrial thermogenic
capacity in brown adipose tissue of obese SHR/N-cp rats. Am. J. Physiol. Cell Physiol. 1993, 265, C1674-C1680.
[CrossRef]

Marette, A.; Deshaies, Y.; Collet, A.J; Tulp, O.; Bukowiecki, L.]. Major thermogenic defect associated with
insulin resistance in brown adipose tissue of obese diabetic SHR/N-cp rats. Am. |. Physiol. Endocrinol. Metab.
1991, 261, E204-E213. [CrossRef]

Martin, S.D.; Morrison, S.; Konstantopoulos, N.; McGee, S.L. Mitochondrial dysfunction has divergent,
cell type-dependent effects on insulin action. Mol. Metab. 2014, 3, 408-418. [CrossRef]

Von Ballmoos, C.; Wiedenmann, A.; Dimroth, P. Essentials for ATP Synthesis by F; Fy ATP Synthases.
Annu. Rev. Biochem. 2009, 78, 649-672. [CrossRef] [PubMed]

Klingenberg, M. UCP1—A sophisticated energy valve. Biochimie 2017, 134, 19-27. [CrossRef] [PubMed]


http://www.mdpi.com/1422-0067/21/23/9204/s1
http://dx.doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715917
http://dx.doi.org/10.1371/journal.pone.0068933
http://dx.doi.org/10.1371/journal.pone.0016446
http://dx.doi.org/10.1210/en.2002-220828
http://dx.doi.org/10.1016/0026-0495(81)90082-2
http://dx.doi.org/10.1016/j.cmet.2011.06.012
http://dx.doi.org/10.1172/JCI62308
http://dx.doi.org/10.1152/ajpcell.1993.265.6.C1674
http://dx.doi.org/10.1152/ajpendo.1991.261.2.E204
http://dx.doi.org/10.1016/j.molmet.2014.02.001
http://dx.doi.org/10.1146/annurev.biochem.78.081307.104803
http://www.ncbi.nlm.nih.gov/pubmed/19489730
http://dx.doi.org/10.1016/j.biochi.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/27794497

Int. ]. Mol. Sci. 2020, 21, 9204 18 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cinti, S.; Cancello, R.; Zingaretti, M.C.; Ceresi, E.; Matteis, R.D.; Giordano, A.; Himms-Hagen, J.; Ricquier, D.
CL316,243 and Cold Stress Induce Heterogeneous Expression of UCP1 mRNA and Protein in Rodent Brown
Adipocytes. J. Histochem. Cytochem. 2002, 50, 21-31. [CrossRef] [PubMed]

Benador, 1.Y.; Veliova, M.; Mahdaviani, K.; Petcherski, A.; Wikstrom, J.D.; Assali, E.A.; Acin-Pérez, R;
Shum, M.; Oliveira, M.E,; Cinti, S.; et al. Mitochondria Bound to Lipid Droplets Have Unique Bioenergetics,
Composition, and Dynamics that Support Lipid Droplet Expansion. Cell Metabol. 2018, 27, 869-885.e6.
[CrossRef]

Kacerovsky, M.; Brehm, A.; Chmelik, M.; Schmid, A.L; Szendroedi, J.; Kacerovsky-Bielesz, G.; Nowotny, P,;
Lettner, A.; Wolzt, M.; Jones, ].G.; et al. Impaired insulin stimulation of muscular ATP production in patients
with type 1 diabetes: Mitochondria in type 1 diabetes. |. Intern. Med. 2011, 269, 189-199. [CrossRef]
Morrow, R.M.; Picard, M.; Derbeneva, O.; Leipzig, J.; McManus, M.].; Gouspillou, G.; Barbat-Artigas, S.;
Dos Santos, C.; Hepple, R.T.; Murdock, D.G,; et al. Mitochondrial energy deficiency leads to hyperproliferation
of skeletal muscle mitochondria and enhanced insulin sensitivity. Proc. Natl. Acad. Sci. USA 2017,
114, 2705-2710. [CrossRef]

Szendroedi, J.; Phielix, E.; Roden, M. The role of mitochondria in insulin resistance and type 2 diabetes
mellitus. Nat. Rev. Endocrinol. 2012, 8, 92-103. [CrossRef]

Benard, G.; Rossignol, R. Ultrastructure of the Mitochondrion and Its Bearing on Function and Bioenergetics.
Antioxid. Redox Signal. 2008, 10, 1313-1342. [CrossRef]

Hall, J.C.; Sordahl, L.A.; Stefko, P.L. The Effect of Insulin on Oxidative Phosphorylation in Normal and
Diabetic Mitochondria. J. Biol. Chem. 1960, 235, 1536-1539.

Nisr, R.B.; Affourtit, C. Insulin acutely improves mitochondrial function of rat and human skeletal muscle by
increasing coupling efficiency of oxidative phosphorylation. BBA-Bioenerg. 2014, 1837, 270-276. [CrossRef]
Stump, C.S.; Short, KR.; Bigelow, M.L.; Schimke, J.M.; Nair, K.S. Effect of insulin on human skeletal muscle
mitochondrial ATP production, protein synthesis, and mRNA transcripts. Proc. Natl. Acad. Sci. USA 2003,
100, 7996-8001. [CrossRef] [PubMed]

Boirie, Y.; Short, K.R.; Ahlman, B.; Charlton, M.; Nair, K.S. Tissue-Specific Regulation of Mitochondrial and
Cytoplasmic Protein Synthesis Rates by Insulin. Diabetes 2001, 50, 2652-2658. [CrossRef] [PubMed]

Liu, H.-Y,; Cao, S.Y.;; Hong, T.; Han, ].; Liu, Z.; Cao, W. Insulin Is a Stronger Inducer of Insulin Resistance
than Hyperglycemia in Mice with Type 1 Diabetes Mellitus (T1DM). J. Biol. Chem. 2009, 284, 27090-27100.
[CrossRef]

White, M.E. Insulin Signaling in Health and Disease. Science 2003, 302, 1710-1711. [CrossRef] [PubMed]
Montgomery, M.K.; Turner, N. Mitochondrial dysfunction and insulin resistance: An update. Endocr. Connect.
2015, 4, R1-R15. [CrossRef]

Markelic, M.; Velickovic, K.; Golic, I.; Klepal, W.; Otasevic, V.; Stancic, A.; Jankovic, A.; Vucetic, M.;
Buzadzic, B.; Korac, B.; et al. The origin of lipofuscin in brown adipocytes of hyperinsulinaemic rats: The role
of lipid peroxidation and iron. Histol. Histopathol. 2013, 28, 11.

Kora¢, A.; Radovanovig, J.; Davidovié, V.; Koko, V.; Nedeljkovi¢, M. Apoptosis in the rat brown adipose
tissue after insulin treatment. J. Therm. Biol. 1999, 24, 461-464. [CrossRef]

Klein, J.; Fasshauer, M.; Klein, H.H.; Benito, M.; Kahn, C.R. Novel adipocyte lines from brown fat: A model
system for the study of differentiation, energy metabolism, and insulin action. Bioessays 2002, 24, 382-388.
[CrossRef]

Inokuma, K.-I.; Ogura-Okamatsu, Y.; Toda, C.; Kimura, K.; Yamashita, H.; Saito, M. Uncoupling Protein
1 Is Necessary for Norepinephrine-Induced Glucose Utilization in Brown Adipose Tissue. Diabetes 2005,
54,1385-1391. [CrossRef]

Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1-13. [CrossRef]
Van Gaal, L.F; Mertens, I.L.; De Block, C.E. Mechanisms linking obesity with cardiovascular disease. Nature
2006, 444, 875-880. [CrossRef] [PubMed]

Mahadev, K.; Zilbering, A.; Zhu, L.; Goldstein, B.J. Insulin-stimulated Hydrogen Peroxide Reversibly Inhibits
Protein-tyrosine Phosphatase 1B in Vivo and Enhances the Early Insulin Action Cascade. J. Biol. Chem. 2001,
276,21938-21942. [CrossRef] [PubMed]

Pi, J.; Bai, Y.; Zhang, Q.; Wong, V.; Floering, L.M.; Daniel, K.; Reece, ].M.; Deeney, ].T.; Andersen, M.E.;
Corkey, B.E.; et al. Reactive Oxygen Species as a Signal in Glucose-Stimulated Insulin Secretion. Diabetes
2007, 56, 1783-1791. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/002215540205000103
http://www.ncbi.nlm.nih.gov/pubmed/11748291
http://dx.doi.org/10.1016/j.cmet.2018.03.003
http://dx.doi.org/10.1111/j.1365-2796.2010.02298.x
http://dx.doi.org/10.1073/pnas.1700997114
http://dx.doi.org/10.1038/nrendo.2011.138
http://dx.doi.org/10.1089/ars.2007.2000
http://dx.doi.org/10.1016/j.bbabio.2013.10.012
http://dx.doi.org/10.1073/pnas.1332551100
http://www.ncbi.nlm.nih.gov/pubmed/12808136
http://dx.doi.org/10.2337/diabetes.50.12.2652
http://www.ncbi.nlm.nih.gov/pubmed/11723046
http://dx.doi.org/10.1074/jbc.M109.016675
http://dx.doi.org/10.1126/science.1092952
http://www.ncbi.nlm.nih.gov/pubmed/14657487
http://dx.doi.org/10.1530/EC-14-0092
http://dx.doi.org/10.1016/S0306-4565(99)00064-9
http://dx.doi.org/10.1002/bies.10058
http://dx.doi.org/10.2337/diabetes.54.5.1385
http://dx.doi.org/10.1042/BJ20081386
http://dx.doi.org/10.1038/nature05487
http://www.ncbi.nlm.nih.gov/pubmed/17167476
http://dx.doi.org/10.1074/jbc.C100109200
http://www.ncbi.nlm.nih.gov/pubmed/11297536
http://dx.doi.org/10.2337/db06-1601
http://www.ncbi.nlm.nih.gov/pubmed/17400930

Int. ]. Mol. Sci. 2020, 21, 9204 19 of 20

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yang, M.; Yang, Y.; Zhang, S.; Kahn, A.M. Insulin-Stimulated Hydrogen Peroxide Increases Guanylate
Cyclase Activity in Vascular Smooth Muscle. Hypertension 2003, 42, 569-573. [CrossRef] [PubMed]
Quinlan, C.L.; Orr, A.L.; Perevoshchikova, 1.V.; Treberg, J.R.; Ackrell, B.A.; Brand, M.D. Mitochondrial
Complex II Can Generate Reactive Oxygen Species at High Rates in Both the Forward and Reverse Reactions.
J. Biol. Chem. 2012, 287, 27255-27264. [CrossRef]

Lambert, A.J.; Boysen, HM.; Buckingham, J.A.; Yang, T.; Podlutsky, A.; Austad, S.N.; Kunz, T.H,;
Buffenstein, R.; Brand, M.D. Low rates of hydrogen peroxide production by isolated heart mitochondria
associate with long maximum lifespan in vertebrate homeotherms. Aging Cell 2007, 6, 607—-618. [CrossRef]
Lee, S.; Tak, E.; Lee, J.; Rashid, M.; Murphy, M.P,; Ha, J.; Kim, S.S. Mitochondrial H,O, generated from
electron transport chain complex I stimulates muscle differentiation. Cell Res. 2011, 21, 817-834. [CrossRef]
Persiyantseva, N.A.; Storozhevykh, T.P; Senilova, Y.E.; Gorbacheva, L.R.; Pinelis, V.G.; Pomytkin, L. A.
Mitochondrial H,O; as an enable signal for triggering autophosphorylation of insulin receptor in neurons.
JMS 2013, 8, 11. [CrossRef]

Kramarova, T.V,; Shabalina, I.G.; Andersson, U.; Westerberg, R.; Carlberg, I.; Houstek, J.; Nedergaard, J.;
Cannon, B. Mitochondrial ATP synthase levels in brown adipose tissue are governed by the c-Fo subunit P1
isoform. FASEB ]. 2008, 22, 55-63. [CrossRef]

Schwerzmann, K.; Pedersen, PL. Regulation of the mitochondrial ATP synthase/ATPase complex.
Arch. Biochem. Biophys. 1986, 250, 1-18. [CrossRef]

Forner, F.; Kumar, C.; Luber, C.A.; Fromme, T.; Klingenspor, M.; Mann, M. Proteome Differences between
Brown and White Fat Mitochondria Reveal Specialized Metabolic Functions. Cell Metabol. 2009, 10, 324-335.
[CrossRef]

Campanella, M.; Parker, N.; Tan, C.H.; Hall, A.M.; Duchen, M.R. IF1: Setting the pace of the F1Fo-ATP
synthase. Trends Biochem. Sci. 2009, 34, 343-350. [CrossRef] [PubMed]

Paumard, P.; Vaillier, J.; Coulary, B.; Schaeffer, J.; Soubannier, V.; Mueller, D.M.; Bréthes, D.; di Rago, J.-P.;
Velours, J. The ATP synthase is involved in generating mitochondrial cristae morphology. EMBO J. 2002,
21, 221-230. [CrossRef] [PubMed]

Barbato, S.; Sgarbi, G.; Gorini, G.; Baracca, A.; Solaini, G. The Inhibitor Protein (IF;) of the F; Fy -ATPase
Modulates Human Osteosarcoma Cell Bioenergetics. |. Biol. Chem. 2015, 290, 6338-6348. [CrossRef]
[PubMed]

Claus, C.; Schonefeld, K.; Hubner, D.; Chey, S.; Reibetanz, U.; Liebert, U.G. Activity Increase in Respiratory
Chain Complexes by Rubella Virus with Marginal Induction of Oxidative Stress. J. Virol. 2013, 87, 8481-8492.
[CrossRef] [PubMed]

Havlickova Karbanova, V.; Cizkova Vrbackd, A.; Hejzlarova, K.; Nuskova, H.; Stranecky, V.; Potocka, A.;
Kmoch, S.; Housték, J. Compensatory upregulation of respiratory chain complexes IIl and IV in isolated
deficiency of ATP synthase due to TMEM70 mutation. BBA-Bioenerg. 2012, 1817, 1037-1043. [CrossRef]
Yamamori, T.; Yasui, H.; Yamazumi, M.; Wada, Y.; Nakamura, Y.; Nakamura, H.; Inanami, O. Ionizing radiation
induces mitochondrial reactive oxygen species production accompanied by upregulation of mitochondrial
electron transport chain function and mitochondrial content under control of the cell cycle checkpoint. Free
Radic. Biol. Med. 2012, 53, 260-270. [CrossRef]

Matthias, A.; Ohlson, K.B.E.; Fredriksson, ].M.; Jacobsson, A.; Nedergaard, J.; Cannon, B. Thermogenic
Responses in Brown Fat Cells Are Fully UCP1-dependent: UCP2 or UCP3 do not substitute for UCP1 in
adrenergically or fatty acid-induced thermogenesis. J. Biol. Chem. 2000, 275, 25073-25081. [CrossRef]
Geloen, A.; Trayhurn, P. Regulation of the level of uncoupling protein in brown adipose tissue by insulin.
Am. . Physiol. Regul. Integr. Comp. Physiol. 1990, 258, R418-R424. [CrossRef]

Dallon, B.W,; Parker, B.A.; Hodson, A.E; Tippetts, T.S.; Harrison, M.E.; Appiah, M.M.A; Witt, ].E.; Gibbs, ].L.;
Gray, H.M,; Sant, TM.; et al. Insulin selectively reduces mitochondrial uncoupling in brown adipose tissue
in mice. Biochem. J. 2018, 475, 561-569. [CrossRef]

Collins, T.J. Mitochondria are morphologically and functionally heterogeneous within cells. EMBO ]. 2002,
21,1616-1627. [CrossRef] [PubMed]

Kuznetsov, A.; Margreiter, R. Heterogeneity of Mitochondria and Mitochondrial Function within Cells as
Another Level of Mitochondrial Complexity. IJMS 2009, 10, 1911-1929. [CrossRef] [PubMed]


http://dx.doi.org/10.1161/01.HYP.0000092441.27668.BD
http://www.ncbi.nlm.nih.gov/pubmed/12963680
http://dx.doi.org/10.1074/jbc.M112.374629
http://dx.doi.org/10.1111/j.1474-9726.2007.00312.x
http://dx.doi.org/10.1038/cr.2011.55
http://dx.doi.org/10.1186/1750-2187-8-11
http://dx.doi.org/10.1096/fj.07-8581com
http://dx.doi.org/10.1016/0003-9861(86)90695-8
http://dx.doi.org/10.1016/j.cmet.2009.08.014
http://dx.doi.org/10.1016/j.tibs.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19559621
http://dx.doi.org/10.1093/emboj/21.3.221
http://www.ncbi.nlm.nih.gov/pubmed/11823415
http://dx.doi.org/10.1074/jbc.M114.631788
http://www.ncbi.nlm.nih.gov/pubmed/25605724
http://dx.doi.org/10.1128/JVI.00533-13
http://www.ncbi.nlm.nih.gov/pubmed/23720730
http://dx.doi.org/10.1016/j.bbabio.2012.03.004
http://dx.doi.org/10.1016/j.freeradbiomed.2012.04.033
http://dx.doi.org/10.1074/jbc.M000547200
http://dx.doi.org/10.1152/ajpregu.1990.258.2.R418
http://dx.doi.org/10.1042/BCJ20170736
http://dx.doi.org/10.1093/emboj/21.7.1616
http://www.ncbi.nlm.nih.gov/pubmed/11927546
http://dx.doi.org/10.3390/ijms10041911
http://www.ncbi.nlm.nih.gov/pubmed/19468346

Int. ]. Mol. Sci. 2020, 21, 9204 20 of 20

53.

54.

55.

56.

57.

Wikstrom, J.D.; Katzman, S.M.; Mohamed, H.; Twig, G.; Graf, S.A.; Heart, E.; Molina, A.J.A.; Corkey, BE,;
de Vargas, L.M.; Danial, N.N; et al. Cell Mitochondria Exhibit Membrane Potential Heterogeneity That Can
Be Altered by Stimulatory or Toxic Fuel Levels. Diabetes 2007, 56, 2569-2578. [CrossRef] [PubMed]

Song, A.; Dai, W.; Jang, M.J.; Medrano, L.; Li, Z.; Zhao, H.; Shao, M,; Tan, J.; Li, A.; Ning, T.; et al. Low- and
high-thermogenic brown adipocyte subpopulations coexist in murine adipose tissue. J. Clin. Investig. 2019,
130, 247-257. [CrossRef]

Golic, I; Aleksic, M.; Lazarevic, A.; Bogdanovic, M.; Jonic, S.; Korac, A. Methods for studying the localization
of mitochondrial complexes III and IV by immunofluorescent and immunogold microscopy. Arch. Biol. Sci.
2016, 68, 767-772. [CrossRef]

Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature
1970, 227, 680-685. [CrossRef]

Smith, L. Spectrophotometric Assay of Cytochrome c Oxidase. In Methods of Biochemical Analysis; Glick, D., Ed.;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1955; Volume 2, pp. 427434, ISBN 978-0-471-30459-3.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2337/db06-0757
http://www.ncbi.nlm.nih.gov/pubmed/17686943
http://dx.doi.org/10.1172/JCI129167
http://dx.doi.org/10.2298/ABS150618061G
http://dx.doi.org/10.1038/227680a0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Transmission Electron Microscopy 
	Expression of Electron Transport Chain Components in MEF 
	UCP1 Expression in MEF 
	Expression of ATP Synthase and IF1 in MEF 
	Complex IV and ATP Synthase Activity 
	Mitochondrial Protein Stoichiometry 
	Immunofluorescence of ETC Complexes and UCP1 
	Immunofluorescence of ATP Synthase/UCP1 and IF1/UCP1 

	Discussion 
	Materials and Methods 
	Experimental Design 
	Isolation of Mitochondria-Enriched Fraction 
	Western Blotting 
	Determination of Mitochondrial Protein Stoichiometry 
	Immunofluorescence 
	Colocalization Analysis 
	Transmission Electron Microscopy 
	Complex IV Activity Assay 
	ATP Synthase Activity Assay 
	Chemicals 
	Statistical Analysis 

	References

