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Figure 4. Gene expression of hnfda, ppara, ppary, cyp2a4, cyp2el, and cyp4al4 in the livers of Sirt3
wild-type (WT) and knockout (KO) mice fed with a standard fat diet (SFD) or a high fat diet (HFD) for
10 weeks. (A) A heatmap of the mRNA levels of hnfda, ppara, ppary, cyp2a4, cyp2el, and (B) cyp4al4
genes. The color of the squares on the heat map corresponds to the mean value of the log fold change
from three biological and three technical replicates. (C) A graphical display of hnf4a mRNA level.
Males: no changes. Females: no changes. Males vs. females: SFD-fed (* p < 0.05) and HFD-fed
(*p <0.01). (D) A graphical display of ppara mRNA levels. Males: no changes. Females: KO vs. WT
mice (** p < 0.01). Males vs. females: WT mice (> p < 0.001). (E) A graphical display of ppary mRNA
levels. Males: HFD-fed vs. SFD-fed WT mice (* p < 0.001); SFD-fed WT vs. KO mice (*** p < 0.001).
Females: no changes. Males vs. females: HFD-fed WT mice (™ p < 0.001). (F) A graphical display of
cyp2a4 mRNA levels. Males: HFD-fed vs. SFD-fed WT mice (* p < 0.001); HFD-fed vs. SFD-fed KO
mice (b p <0.01); SFD-fed WT vs. KO mice (** p < 0.01) and HFD-fed WT vs. KO mice (*** p < 0.001);
Females: HFD-fed vs. SFD-fed WT (¢ p < 0.001) and KO mice @ p <0.01); SFD-fed KO vs. WT mice
(** p < 0.01); Males vs. females: ** p < 0.001. (G) A graphical display of cyp2el mRNA levels. Males:
HFD-fed vs. SFD-fed WT mice (% p < 0.05); HFD-fed vs. SFD-fed KO mice (® p < 0.001); SFD-fed KO vs.
WT mice (*** p < 0.001). Females: HFD-fed vs. SFD-fed mice ( p < 0.01). Males vs. females: SFD-fed
KO mice (* p < 0.01). (H) A graphical display of cyp4a14 mRNA levels. Males: HFD-fed vs. SFD-fed
mice (* p < 0.001). Females: HFD-fed vs. SFD-fed KO mice ¢ p <0.01). Males vs. females: WT mice
and SFD-fed KO mice (** p < 0.001). B-actin was used for normalization. The data are shown as mean
+ SD. n = 3 per group in technical triplicates.
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Mouse Cyp4al4 catalyzes the omega-hydroxylation of saturated and unsaturated fatty acids in
mice and shows female-predominant expression in liver, where it is induced by ppara [28]. In WT
males, HFD strongly increased otherwise very low cyp4al4 by 51-fold, and in KO males by almost
400-fold. In females, HFD upregulated cyp4al4 by 2.5-fold in KO mice. Overall, females displayed
higher cyp4al4 expression than males, except in HFD-fed KO mice (Figure 4B,H).

3.6. Sirt3 KO Mice Exhibit Increased Protein Oxidative Damage and Upregulated Keapl-Nrf2-Hol Axis
in Liver

Following the observed differences between males and females in lipid accumulation and the
genes involved in lipid homeostasis, along with the fact that sensitivity towards the oxidative stress is
sex-related as well [29,30], we next examined sensitivity to oxidative stress with respect to Sirt3 or diet
by measuring protein carbonylation (PC), a marker of protein oxidative damage. In males, higher PC
levels were observed in the absence of Sirt3. Contrary to that, in WT females, an HFD increased PC,
resulting in levels similar to KO females in both diets. Moreover, SFD-fed KO females had higher PC
than WT mice. Overall, the sex-specific differences evident in HFD-fed WT mice were abrogated in
the KO mice, where similar PC levels were observed in both sexes (Figure 5A). These data indicate
that, besides protein oxidative damage caused by the absence of Sirt3 in both sexes, females are also
susceptible to protein damage caused by an HFD only.

We next aimed to investigate whether major proteins involved in antioxidative response pathway,
such as Keap1/Nrf2/Hol, were altered. Nrf2 is a transcription factor that induces the gene expression
of antioxidant enzymes and many other cytoprotective enzymes. Upon oxidative stress, the interaction
between Keapl and Nrf2 is disrupted, which induces Nrf2-dependent gene expression [31]. WT males
had higher Keap1 compared to KO mice and HFD partially rescued Keap1l in KO mice. Likewise,
in females, Keap1 was also reduced in KO mice. There were no differences in Keapl between males
and females (Figure 5C). In WT males, HFD reduced Nrf2. Moreover, Nrf2 was higher in KO mice
compared to WT mice of both sexes, which is in accordance with reduced Keap1. Differences between
males and females were evident only in SFD-fed WT mice, where males had higher Nrf2 (Figure 5D).
In males, an HFD had the opposite effect on Hol expression, where it decreased the expression of the
Hol protein in WT and increased it in KO males. In WT females, an HFD increased Ho-1 protein level,
which remained higher in KO mice, irrespective of diet. Differences in Hol between males and females
were only observable in WT mice, with higher Hol in SFD-fed and lower in HFD-fed males (Figure 5E).
This finding indicates the presence of the adaptive stress response in conditions of nutritional excess
only in the absence of Sirt3.
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Figure 5. Protein oxidative damage and antioxidant response in the livers of Sirt3 wild-type (WT)
and knockout (KO) mice fed with a standard fat diet (SFD) or a high fat diet (HFD) for 10 weeks.
(A) The total amount of protein carbonyls (PC) measured with an ELISA-based assay at 450 nm. Males:
KO vs. WT mice (** p < 0.01). Females: HFD-fed vs. SFD-fed WT mice (* p < 0.01); SFD-fed KO vs. WT
mice (*** p < 0.001). Males vs. females: no changes. The data are shown as mean + SD. 1 = 6 per group.
(B) The representative immunoblots of hepatic Keap1, Nrf2, and Hol protein expression. Amidoblack
was used as a loading control. (C) A graphical display of the averaged densitometry values for Keap-1
protein expression. Males: HFD-fed vs. SFD-fed KO mice (* p < 0.05); WT vs. KO mice (* p < 0.05).
Females: WT vs. KO mice (* p < 0.05). Males vs. females: no changes. (D) A graphical display of the
averaged densitometry values for Nrf-2 protein expression. Males: HFD-fed vs. SFD-fed WT mice
(* p <0.001); KO vs. WT mice (*** p < 0.001). Females: KO vs. WT mice (*** p < 0.001). Males vs.
females: SFD-fed WT mice (* p < 0.05). (E) A graphical display of averaged densitometry values of
Ho-1 protein expression. Males: HFD-fed vs. SFD-fed WT mice (* p < 0.05); HFD-fed vs. SFD-fed KO
mice (° p < 0.01); HFD-fed KO vs. WT mice (*** p < 0.001). Females: HFD-fed vs. SFD-fed WT mice
(¢ p=0.002); SFD-fed KO vs. WT mice (** p < 0.01). Males vs. females: WT mice (** p < 0.05). The data
are shown as mean + SD. n = 6.

3.7. HFD-Induced Reduction in Sirt3/MnSOD Axis is Male-Specific

Sirt3 mediates the reduction of oxidative and metabolic damage, while exposure to HFD leads to
reduced Sirt3 expression, consequent hyper acetylation of manganese superoxide dismutase (AcSOD2),
and the reduction of SOD2 activity (hereafter MnSOD) [32]. Since we found that an HFD reduced Sirt3
protein level only in males, we further examined whether this pattern affects AcSOD2 protein and
MnSOD activity in the same way. HFD-fed WT males displayed increased AcSOD2 protein levels along
with decreased MnSOD activity. SFD-fed WT males had reduced AcSOD2 protein and higher MnSOD
activity than KO mice. HFD-fed WT females also displayed increased AcSOD2 protein, but without
change in MnSOD activity. SFD-fed WT females had reduced AcSOD2 protein but higher MnSOD
activity on both diets compared to KO mice (Figure 6A-D). This suggests that the acetylation status of
MnSOD acetyl-K68 that regulates MnSOD activity in males under HFD conditions, does not contribute
to alteration of MnSOD activity in females. Both KO males and females had similar AcSOD2 levels,
with reduced MnSOD activity, thus confirming the importance of Sirt3 in regulation of MnSOD activity.
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Figure 6. Sirt3/MnSOD axis in liver of Sirt3 wild-type (WT) and knockout (KO) mice fed with a standard
fat diet (SFD) or a high fat diet (HFD) for 10 weeks. (A) A representative immunoblot of hepatic Sirt3
and AcSOD2 protein expression. Amidoblack was used as a loading control. (B) A graphical display of
averaged densitometry values for AcSOD2 protein expression. Males: HFD-fed vs. SFD-fed WT mice
(* p <0.01); SFD-fed WT vs. KO mice (** p < 0.01). Females: HFD-fed vs. SFD-fed WT mice ¢ p <0.01);
SFD-fed WT vs. KO mice (** p < 0.01). Males vs. females: no change. (C) MnSOD activity. Males:
HFD-fed vs. SFD-fed WT mice (* p < 0.01); SFD-fed WT vs. KO mice (* p < 0.05). Females: WT vs. KO
mice (* p < 0.05). Males vs. females: no change. The data are shown as mean + SD. n = 6 per group.

3.8. HFD Affects Antioxidant Enzyme Activities Differently in Males and Females

Beside major mitochondrial antioxidant enzyme MnSOD, we also determined other antioxidant
enzymes, such as copper zinc superoxide dismutase (CuZnSOD, SOD1), catalase (Cat), and glutathione
peroxidase (Gpx1) at protein level (Supplementary Figure S3) and their activities (Figure 7A-C).
We observed a discrepancy between protein expression and antioxidant enzyme activity, indicating the
complex regulatory mechanisms of enzyme activities. Therefore, the results of enzyme activities are
more informative and are shown here. In males, an HFD reduced very mildly CuZnSOD activity in both
WT (14%) and KO (10%) mice. Additionally, SFD-fed WT mice had marginally higher CuZnSOD activity
compared to KO mice (14.2%). On the contrary, females displayed no changes in CuZnSOD activity
(Figure 7A). Cat activity was increased following an HFD in both sexes and genotypes (Figure 7B).
The inducing effect of HFD on Cat activity in both genotypes and sexes suggests that increased Cat
activity is needed to effectively degrade excess of H,O, produced by increased lipid metabolism,
irrespective of sex or Sirt3. Gpx is a cytosolic enzyme that also functions in the detoxification of HyO,,
specifically by catalyzing the reduction of hydrogen peroxide to water. In WT males, HFD increased
Gpx activity to levels of KO mice. SFD-fed WT males also displayed lower Gpx activity compared to
KO mice. In females, Gpx activity was lower in WT mice compared to KO mice. The differences in
Gpx activity between males and females were evident only in HFD-fed WT mice, where males had
higher Gpx activity (Figure 7C). These results point toward differential sex-related effect of HFD on
antioxidant enzyme activities.
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3.9. HFD and Sirt3 Depletion Affect Mitochondrial Respiration Differently in Males and Females

Sirt3 is an important regulator of mitochondrial respiration, and its targets include subunits of the
respiratory chain complexes. Studies showed that KO mice display decreased oxygen consumption
in liver [33] and reduced glucose tolerance when placed on an HFD [10]. To examine whether the
loss of Sirt3 would impair respiration in a sex- and diet-dependent manner, we measured oxygen
consumption in mitochondria from liver using a Clark type electrode.

WT males had higher malate/glutamate (MG) + ADP respiration than KO males, suggesting
defective Cl-driven respiration in the absence of Sirt3. Interestingly, an HFD partially restored
low CI-driven respiration in KO males. In WT females, an HFD significantly decreased CI-driven
respiration, which remained low in the absence of Sirt3. Finally, we observed that females had higher
Cl-driven respiration compared to males, except in HFD-fed WT mice, where this difference was
reversed in favor of males (Figure 8A).

The respiratory control ratio (RCR) is defined as the ratio of the state 4 respiratory rate (termination
of ATP synthesis by addition of oligomycin) to the state 3 (ADP-stimulated respiration) respiratory
rate and indicates how well the electron transport system is coupled to ATP synthesis. WT males had
higher RCR than KO males on a SFD, while an HFD partially restored low the RCR observed in the
absence of Sirt3. In WT females, an HFD decreased RCR, which remained low in the absence of Sirt3.
Females had higher RCR than males in SFD-fed conditions, while the opposite was found in HFD-fed
WT mice. These results collectively indicate that the effective CI respiration in both sexes depends
on Sirt3. Moreover, both CI-driven respiration and RCR display a sex-specific effect of HFD and Sirt3,
with an inducing effect of HFD in KO males and a suppressive effect in WT females.
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Figure 7. Analysis of CuZnSOD, Cat, and Gpx1 activities in the livers of Sirt3 wild-type (WT) and
knockout (KO) mice of both sexes fed with a standard fat diet (SFD) or a high fat diet (HFD) for 10 weeks.
(A) CuZnSOD activity. Males: HFD-fed vs. SFD-fed mice (* p < 0.05); SFD-fed WT vs. KO mice
(* p < 0.05); Females: no changes. Males vs. females: no changes. (B) Cat activity. Males: HFD-fed
vs. SFD-fed mice (* p < 0.05). Females: HFD-fed vs. SFD-fed mice (° p < 0.01). Males vs. females:
no changes. (C) Gpx1 activity. Males: HFD-fed vs. SFD-fed WT mice (* p < 0.05); SFD-fed WT vs.
KO mice (* p < 0.05). Females: WT vs. KO mice (* p < 0.05). Males vs. females: HFD-fed WT mice
(* p < 0.05). The data are shown as mean + SD. n = 6 per group.
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Figure 8. Complex I (CI)-driven respiration and the respiratory control ratio (RCR) of liver mitochondria
of Sirt3 wild-type (WT) and knockout (KO) mice of both sexes fed with a standard fat diet (SFD) or a
high fat diet (HFD) for 10 weeks. (A) CI-driven respiration. Males: HFD-fed vs. SFD-fed KO mice
(® p <0.05); WT vs. KO mice (*** p < 0.001). Females: HFD-fed vs. SFD-fed WT mice ¢ p < 0.001);
SED-fed WT vs. KO mice (*** p < 0.001). Males vs. females: SFD-fed WT mice (** p < 0.001); HFD-fed
WT mice (** p < 0.01); KO mice (** p < 0.01). (B) The respiratory control ratio (RCR). Males: HFD-fed vs.
SFD-fed KO mice (* p < 0.001); SFD-fed WT vs. KO mice (*** p < 0.001). Females: HFD-fed vs. SFD-fed
WT mice (b p <0.001); SFD-fed WT vs. KO mice (*** p < 0.001). Males vs. females: SFD-fed WT mice
(% p <0.001); HFD-fed WT mice (*p < 0.01); SFD-fed KO mice (* p < 0.05). The data are shown as
mean + SD. n = 4 per group.

4. Discussion

Sexual dimorphism exists in various physiological processes, with males and females differing
with respect to their regulation of energy homeostasis, metabolic rate, or body weight gain [34].
For example, HFD feeding leads to larger body weight gain in male rats/mice than in females [35].
In this study, we report the following novel observations in conditions of HFD feeding and Sirt3
depletion in liver of 129S mice: (a) HFD reduces hepatic Sirt3 expression solely in males, but only
partially; (b) HFD-induced lipid accumulation is alleviated in the absence of Sirt3 only in males, which
may be attributed to impaired glucose uptake and an increased reliance on fatty acids; (c) in females,
either an HFD or the absence of Sirt3 compromised mitochondrial respiration and increased protein
oxidative damage, which could be associated with more efficient lipid metabolism.

Sirt3 plays an important role in regulating lipid homeostasis by ameliorating HFD-induced
inflammation, liver fibrosis, and steatosis. Reports show that HFD feeding in WT male mice results
in a reduction of Sirt3 expression in the liver [36] and that deleterious effects of HFD feeding are
exacerbated in male mice lacking Sirt3 [10]. Accordingly, we found that Sirt3 was reduced upon HFD
feeding in male mice, however, without any change in females (Figure 1A,B). This result suggests that
the regulation of Sirt3 in a sexually dimorphic manner following HFD in males may contribute to the
observed sex-related differences in the development of metabolic dysregulation.

It has been shown that a decreased level of Sirt3 contributes to impaired glucose metabolism [24].
However, in our study, we did not observe the effect of Sirt3 on differences in glucose levels, only the
effect of sex, where females had lower fasting glucose levels compared to males (Figure 2B), suggesting
a possible role of female sex hormones in maintaining low glucose in females [37]. The interesting
fact is that we did not observe gained weight in mice fed with an HFD (Figure 2A). The observed
phenotype upon HFD feeding comes from the specific characteristics of this particular strain of mice
(129S), which are not prone to the development of obesity when fed with an HFD [38]. However,
despite the fact that mice did not gain weight following HFD feeding, both sexes displayed excessive
hepatic lipid accumulation (Figure 3), indicating a fatty liver phenotype after ten weeks of an HFD.

Sirt3 deficiency reduces fatty acid oxidation and results in the accumulation of hepatic lipids in
SFD-fed male mice [39], which is confirmed in our study. On the contrary, this effect was not evident
in Sirt3-depleted females, which showed less accumulation of lipids than males in SFD conditions
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(Figure 3I). Thus, disturbances in fatty acid oxidation in standard conditions and upon the depletion
of Sirt3 may result in elevated lipids and impaired metabolism, thus supporting the critical role of
Sirt3 in the maintenance of metabolic homeostasis in males. Studies have shown that an HFD acts as a
metabolic stressor causing mitochondrial dysfunction and other metabolic changes that contribute to
pathological conditions [4]. In HFD conditions, Sirt3-depleted males displayed the lowest total lipid
content in liver along with the lowest hepatic glucose uptake (Figure 31,]). These results indicate that
in the absence of Sirt3 in males, HFD may cause impairments in hepatic glucose uptake, creating an
increased reliance on fatty acids. This was previously also shown in the skeletal muscles of Sirt3 KO
male mice [33]. Again, the observed differences in males were not evident in Sirt3-depleted females.
The absence of these effects in WT mice indicates that sex-related differences in lipid accumulation and
glucose uptake are present only in Sirt3-depleted mice.

In tissues that have a high fatty acid uptake, such as adipocytes and liver tissue, the capacity
for the 3 oxidation of fatty acids, the major lipid catabolic pathways, is regulated at the level of
gene expression in response to various physiologic stimuli [28]. Moreover, the maintenance of lipid
homeostasis relies on cytochrome P450 (P450) enzymes, the majority of which are regulated in a
sex-dependent manner [40]. To test if hepatic P450 enzymes are involved in sex-related differences in
lipid accumulation in the absence of Sirt3, we measured the expression of several genes involved in fatty
acid oxidation and lipid homeostasis (Figure 4). One important factor is ppary, which is predominantly
expressed in adipose tissue but also in the liver and muscle, and promotes the storage of lipids [41].
Since in our study HFD-fed mice did not have increased weight compared to SFD-fed mice, we tested
whether this was due to the altered expression of ppary, which is essential for adipogenesis [42].
Indeed, both sexes displayed downregulated levels of ppary (Figure 4E), allowing us to hypothesize
that the downregulation of hepatic ppary may be related to the fact that mice did not gain weight after
feeding with HFD. Furthermore, we observed sex-related differences in cyp2el, cyp2a4, and cyp4al4
transcripts of P450 genes involved in the maintenance of lipid homeostasis (Figure 4A,F-H). Females
generally responded to an HFD with an upregulated expression of these involved genes, while males
had a different response to an HFD with respect to Sirt3. Considering their role in lipid metabolism,
the downregulation of cyp2a4 and cyp2el in male KO mice fed with SFD may be associated with their
tendency towards accumulating more hepatic fat than females. In HFD conditions, these genes tend to
be upregulated in KO males, therefore suggesting more effective lipid metabolism in association with
lower accumulation of total lipids in liver.

Since we found sex-related differences in several parameters involved in lipid homeostasis upon
different types of diet, we next investigated whether they reflected sex-related sensitivity to oxidative
stress under the same conditions. Protein carbonylation (PC) is considered to be an important marker of
oxidative stress resulting from HFD-induced oxidative damage to proteins [43,44]. Here, we show that
an HFD induced a female-specific increase in the PC of WT mice (Figure 5A) as a possible consequence
of the upregulated expression of genes involved in fatty acid oxidation, that is associated with the
generation of hydrogen peroxide [45] involved in protein oxidative damage. Unlike WT males, HFD-fed
WT females also displayed increased Hol protein expression (Figure 5B,E), which is an indicator of
the presence of oxidative stress [46]. However, they failed to counteract oxidative damage by the
activation of an antioxidative response, since no induction of the Keap1/Nrf2 axis (Figure 5C,D) and
major antioxidative enzyme activities (MnSOD, CuZnSOD, Gpx1) was observed (Figures 6C and 7A,C),
resulting in greater protein oxidative damage (Figure 5A). On the other hand, higher PC levels in
KO mice of both sexes were associated with upregulated Keap1/Nrf2 axis, but with no response in
antioxidant enzyme activities. This shows that in WT mice, an HFD induces oxidative stress only in
females, pointing at their increased susceptibility towards the oxidative stress in conditions of nutritive
stress. Furthermore, Sirt3 deficiency increases susceptibility to protein oxidative damage equally in
both sexes, indicating that Sirt3 is important for protection against the oxidative damage of proteins.

Several studies demonstrated that lipid metabolism has a potential to generate ROS [47,48].
For example, both peroxisomal and mitochondrial 3-oxidation produce H,O, and O,™ as byproducts
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of fatty acid degradation. During nutritional excess, the imbalance in lipid metabolism along with
upregulated key genes involved in fatty acid B-oxidation, such as ppara, contributes to increased
ROS and oxidative stress [45]. Catalase (Cat), a peroxisomal enzyme, has also been found in cardiac
mitochondria with significantly increased activity during HFD feeding [48]. We observed the inducing
effect of HFD on Cat activity in both genotypes and sexes (Figure 7B), suggesting that increased Cat
activity is needed to effectively degrade excess of H,O, produced by increased fat metabolism in
HFD-fed mice.

Mitochondrial function is tightly associated with the activity of the respiratory chain complexes,
and depends on the degree of coupling of oxidative phosphorylation [49]. Fatty acids are metabolic
fuels and 3-oxidation represents their main degradation pathway in mitochondria [50]. Sirt3 WT
females had significantly higher CI-driven respiration and RCR than Sirt3 WT males in standard
conditions, suggesting a more efficient function of Complex I in the electron transport chain of hepatic
mitochondria in females. Contrary to males, in WT females, HFD feeding dramatically decreased
MG-ADP state respiration, indicating female-specific impairment in CI-driven respiration and RCR
following an HFD (Figure 8A,B). The observed defective CI-driven respiration in HFD-fed females
could be due to their higher fatty acid oxidation, in synchronization with upregulated genes involved
in the lipid oxidation process (ppara, cyp2a4, cyp2el, cyp4ald), resulting in increased oxidative damage
of mitochondrial proteins, thereby affecting mitochondrial respiration. Indeed, fatty acids can act as
inhibitors of mitochondrial respiration, either by the partial inhibition of electron transport within
CI or 1II, or by a decrease in proton motive force [51,52]. Based on this result, we hypothesize that
in conditions of nutritive excess, more efficient lipid metabolism in WT females may cause higher
oxidative stress in association with reduced mitochondrial function.

Sirt3 KO male mice display decreased CI-driven oxygen consumption [33], which is in agreement
with our results. Inaddition, we show for the first time that, despite reduced respiration in Sirt3-depleted
mice, females have higher respiration than males. However, since in KO males an HFD increased
respiration, we hypothesize that they compensate impaired glucose uptake by increasing their reliance
on fatty acids to provide substrates for the respiratory chain. This is in accordance to [53,54], where
HFD-fed male rodents exhibited increased mitochondrial capacity and respiration [55]. Our results
collectively indicate that the CI-driven respiration displays a sex-specific effect with respect to both
HFD and Sirt3, with an inducing effect of HFD on respiration in KO males and a suppressive effect in
WT females.

Sexual dimorphism exists in various physiological processes, which also includes sex-related
prevalence towards metabolic dysregulation. In this study, we found significant sex differences at
the level of metabolic, oxidant/antioxidant, and mitochondrial parameters. In addition, this study
points towards a different role of Sirt3 in males and females under the conditions of nutritive stress.
This is an important step that adds to previous knowledge that can be studied to prevent metabolic
dysfunction, improve preclinical research, and allow for the development of sex-related therapeutic
agents for obesity and diabetes.
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analysis of antioxidative enzymes in Sirt3 WT and KO mice of both sexes fed with standard fat diet (SFD) or high
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