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ARTICLE INFO ABSTRACT

Keywords: Obesity represents a significant health challenge, intricately linked to conditions such as type II diabetes,
Mitochondria metabolic syndrome, and hepatic steatosis. Several existing obesity treatments exhibit limited efficacy, unde-
Coenzyme Q sirable side effects or a limited capability to maintain therapeutics effects in the long-term. Recently, modulation
Diet-induced obesity . . . .
NAFLD Coenzyme Q (CoQ) metabolism has emerged as a promising target for treatment of metabolic syndrome. This
MASLD potential intervention could involve the modulation of endogenous CoQ biosynthesis by the use of analogs of the

precursor of its biosynthesis, such as f-resorcylic acid (B-RA). Here, we show that oral supplementation with
B-RA, incorporated into the diet of diet-induced obese (DIO) mice, leads to substantial weight loss. The anti-
obesity effects of p-RA are partially elucidated through the normalization of mitochondrial CoQ metabolism in
white adipose tissue (WAT). Additionally, we identify an HFN4a/LXR-dependent transcriptomic activation of the
hepatic lipid metabolism that contributes to the anti-obesity effects of p-RA. Consequently, f-RA mitigates WAT
hypertrophy, prevents hepatic steatosis, counteracts metabolic abnormalities in WAT and liver, and enhances
glucose homeostasis by reducing the insulin/glucagon ratio and plasma levels of gastric inhibitory peptide (GIP).
Moreover, pharmacokinetic evaluation of p-RA supports its translational potential. Thus, p-RA emerges as an
efficient, safe, and translatable therapeutic option for the treatment and/or prevention of obesity, metabolic
dysfunction-associated steatotic liver disease (MASLD).

Pharmacological therapy
Preclinical study

liver disease (MASLD), metabolic syndrome, cardiovascular diseases,
some types of cancer, and disorders of the locomotor system, among
others [1]. Therefore, obesity is a serious and growing health problem

1. Introduction

Obesity is defined as abnormal or excessive fat accumulation that

presents a great risk to health. The incidence of diet-induced obesity is
continuously increasing in developed countries, and it is linked to an
increased risk of developing non-transmissible diseases, such as insulin
resistance, type II diabetes, metabolic dysfunction-associated steatotic

worldwide [2].

Although the main strategies used for the treatment of obesity focus
on reducing body weight, this effect is frequently not due to an exclusive
reduction in the content of white adipose tissue (WAT) [2,3]. Moreover,
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some drugs used for the treatment of obesity, insulin resistance, type II
diabetes, metabolic syndrome or MASLD frequently show heteroge-
neous results in the population, low efficiency, side effects and/or a
limited capability to maintain therapeutics effects in long-term [2,3].
Therefore, there is still a need to identify novel strategies to efficiently
treat obesity, and its medical consequences. In this context, therapeutic
mechanisms targeting WAT and/or utilizing fatty acids may exhibit high
efficacy with minimal adverse effects.

The mechanisms by which obesity can induce insulin resistance, type
II diabetes and metabolic syndrome are heterogenous, including the
deregulation of endocrine factors, the induction of inflammation, the
disruption of the neural circuits of food intake or the presence of cell-
intrinsic mechanisms. Cell-intrinsic mechanisms involve ectopic fat
storage, ER stress, mitochondrial dysfunction, and oxidative stress [4].
Mitochondrial dysfunction contributes to ectopic fat accumulation,
deregulation of glucose metabolism and increased generation of reactive
oxygen species (ROS). Recently, a down-regulation of the mitochondrial
Coenzyme Q (CoQ) biosynthetic pathway and, consequently, a decrease
in the levels of CoQ were reported in WAT and muscle from a mouse
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model of diet-induced-obesity (DIO) and WAT from humans with
insulin-resistance [5]. As an essential component of the mitochondrial
respiratory chain, CoQ links ATP production to different metabolic
pathways via the Q-junction, while also serving as an important
endogenous antioxidant. Consequently, the decrease in CoQ levels in
WAT and muscle was identified as a cause of mitochondrial dysfunction
and increased oxidative stress, leading to the induction of insulin
resistance [5].

The link between CoQ deficiency, obesity and insulin resistance
opens a potential therapeutic target focused on the modulation of CoQ
metabolism in the affected tissues. Interestingly, p-resorcylic acid
(B-RA), a natural phenolic compound with an analog structure to 4-
hydroxybenzoic acid, the precursor for CoQ biosynthesis, decreased
the content of WAT and overall body weight in mice fed a standard chow
diet, although the mechanisms underlying this effect remain unclear.
[6,7]. B-RA has also shown clear therapeutic benefits in different mouse
models of primary CoQ deficiency by interfering in the CoQ biosynthetic
pathway [6-11]. However, whether p-RA can be effective in reducing
the content of WAT in specific models of obesity remains largely
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Fig. 1. Effect of B-RA treatment on body weight and mitochondrial CoQ biosynthesis in DIO mice. (A) Schematic figure of the experimental design for p-RA treatment
in DIO mice. (B, C) Daily food intake in male (B) and female (C) mice (n = 10 for each group). (D,E) Daily caloric intake in male (D) and female (E) (n = 10 for each
group). (F-G) Body weight of male (F) and female (G) mice on standard diet, HFHS diet, HFHS diet +0.33 % B-RA at different times (n = 23 in control group, n = 17
in HFHS16 group, n = 17 in HFHS16/BRA16 group in males; n = 27 in control group, n = 16 in HFHS16 group and n = 16 in HFHS16/BRA16 group). * p < 0.05, ** p
< 0.01, *** p < 0.001, differences versus standard diet group; # p < 0.05, ## p < 0.01, ### p < 0.001, differences versus HFHS16 group; & p < 0.05, differences
versus HFHS16/BRA16 group. (H) Levels of mitochondrial CoQg in WAT (n = 10 for each group). (I) Representative images of Western blots of the CoQ biosynthetic
proteins and the quantification of the protein bands COQ7, COQ5, COQ8A and COQ9 (n = 5 for each group). Data are expressed as mean + SD. * p < 0.05, ** p <
0.01, *** p < 0.001, differences versus standard diet group; significance was assessed by one-way ANOVA tests with Tukey’s post hoc test or Sidak’s multiple
comparisons test as appropriate multiple comparisons test. Samples used in the standard diet and HFHS groups were also used in the Fig. S4.
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unknown. Moreover, its metabolization and pharmacokinetics have not
been evaluated.

Here, we show that oral p-RA induces weight loss by normalizing
CoQ biosynthesis in mitochondria of WAT in diet-induced obese (DIO)
mice. Additionally, we observe a transcriptomic activation of hepatic
lipid metabolism. As a result, f-RA reduces content of WAT and miti-
gates the morphological features of MASLD, counteracting metabolic
disarrangements in both WAT and liver, and ameliorating insulin
resistance.

2. Results

2.1. B-RA rescues the DIO phenotype by normalizing CoQ biosynthesis in
WAT

Following previous studies, C57BL/6J wild-type mice were fed with
a high-fat high-sucrose (HFHS) diet for 16 weeks (HFHS16), and -RA
was incorporated into the HFHS diet (HFHS16/BRA16) at a concentra-
tion of 0.33 % (w/w) [7,8,12]. This provides a dose of 0.3-0.7 g/kg b.
w./day, considering the animal food intake, which is similar in all
groups (Fig. 1A-C). Therefore, there is an increase in caloric intake in
DIO mice, compared to animals fed in standard diet (Fig. 1D-E). As
expected, HFHS16 induces an increase in body weight in both males and
females, compared to animals fed with standard diet (Fig. 1F-G).
Remarkably, the body weight in HFHS16/BRA16 mice is significantly
lower than those in animals fed with either HFHS16 or standard diet, in
both males and females (Fig. 1F-G). The maximal body weight reached
in HFHS16/BRA16 mice is about 26 g in males and 20 g in females,
representing a reduction of 29 % in males and 33 % in females,
compared to the HFHS16 mice. The prevention in body weight gain is
reversible since the effect disappears rapidly after suppressing B-RA
therapy in the animals fed with HFHS diet (HFHS16/BRA16/HFHS4), in
both males and females (Fig. 1A, F-G). B-RA treatment causes similar
effect on reducing weight gain in the nicotinamide nucleotide trans-
hydrogenase knockout (NNTKO) C57BL/6 J mice (Fig. SIA-C), which
have been identified as more prone to the obese phenotype [13].
Moreover, the reduced body weight in mice after p-RA treatment is
mainly caused by the prevention and reduction in the accumulation of
WAT (Figs. S2-B; S1D-E), while still preserving the weight of skeletal
muscle (Figs. S2C-D; S1F-G).

Since an altered mitochondrial CoQ biosynthetic pathway, and the
subsequent secondary CoQ deficiency, has been proposed as key inducer
of obesity [5,14], and because p-RA supplementation has been reported
to modulate CoQ biosynthesis in models of primary CoQ deficiency
[6,8,15], we evaluated whether the anti-obesity effects of the p-RA in the
DIO model could be explained by its action in the CoQ biosynthetic
pathway. To do this, we first measured mitochondrial CoQg content in
WAT, skeletal muscle and liver. As expected, the HFHS diet decreases
CoQg levels in mitochondria in WAT (Fig. 1H) but not in skeletal muscle
or liver (Fig. S3A and C). Remarkably, p-RA therapy normalizes the
mitochondrial CoQq levels in WAT (Fig. 1H). To check whether the ef-
fects on CoQ levels are due to changes in the mitochondrial CoQ
biosynthetic pathway, we quantified the levels of four key proteins
involved in CoQ biosynthesis. A trend toward decreased levels of COQ7
and COQ5 are observed in WAT from HFHS mice, compared to mice fed
with the standard diet (Fig. 1I). Importantly, f-RA therapy increases the
steady-state levels of COQ7 and COQ5 in WAT and skeletal muscle,
although other proteins, i.e., COQ8A and COQ9, remain unchanged in
those tissues and in the liver (Figs. 1I; S3B-D).

Since some analogs of -RA, e.g., 4-hydroxybenzoic acid (4HB) and
vanillic acid (VA), could also interfere with the mitochondrial CoQ
metabolism [11,16,17], we also tested the capability of those com-
pounds to increase the levels of mitochondrial CoQg and decrease the
content of WAT. Also, we compared the results with those obtained in an
experimental group based on exogenous CoQjo supplementation.
Comparing the three compounds, only 4HB has a mild effect in
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preventing the increase in body weight, both in males and females
(Fig. S4A-B) and only reduces WAT content (Fig. S4E-H), without
affecting the food intake (Fig. S4C-D).

Accordingly, VA (HFHS16/VA16) nor CoQ;o (HFHS16/CoQ16) have
any effects on the levels of CoQg in WAT, whereas 4HB (HFHS16/
4HB16) slightly increases mitochondrial CoQg levels in WAT (Fig. S5A),
but not in skeletal muscle or liver (Fig. S5B,C). However, the levels of the
CoQ biosynthetic proteins do not change with any treatment in WAT,
skeletal muscle or liver, except for an increase of COQ5 with VA in
skeletal muscle (Fig. SSA-F). Together, these data confirm that the
modulation of CoQ metabolism in WAT could be a therapeutic target for
obesity.

2.2. f-RA induces a transcriptomic activation of hepatic lipid metabolism

To explore any additional anti-obesity mechanism of p-RA, we next
performed transcriptomics analyses in three tissues involved in the
control of lipid and carbohydrate metabolism, i.e., the liver (Fig. 2A-J),
WAT (Fig. S6A,C) and skeletal muscle (Fig. S6B,D) (Supporting infor-
mation). These analyses were performed in already obese mice
(HFHS11) and mice that were treated for two weeks with p-RA, once
they acquired the obese phenotype (HFHS11/BRA2) and, therefore, at
the moment they were actively losing weight (Fig. 2A—C). Both groups
were compared to aged-match mice fed under standard diet. While WAT
and skeletal muscle experiences only minor changes in gene expression,
without changes induced by p-RA (Fig. S6A-D), the livers undergo
important transcriptomics modifications in all three experimental
groups. The livers of HFHS11 mice exhibit 429 differentially expressed
genes compared to the liver of animals fed with standard diet; the livers
of HFHS11/BRA2 mice show 1088 differentially expressed genes
compared to the livers of HFHS11 mice; and the livers of HFHS11/BRA2
mice show 3842 differentially expressed genes compared to the livers of
animals fed with standard diet. Analyses of canonical pathways revealed
that HFHS diet activates fatty acids p oxidation and triacylglycerol
degradation, while inhibits cholesterol biosynthesis and signaling
pathways controlled by the receptors LXR-RXR and PXR-RXR, both
involved in the regulation of hepatic lipid metabolism (Fig. 2D-E). p-RA
therapy further activates fatty acids p oxidation, triacylglycerol degra-
dation and signaling pathways controlled by the receptors LXR-RXR,
while additionally inhibiting cholesterol biosynthesis (Fig. 2D-E). An-
alyses of the potential upstream regulators revealed common and
different patterns in HFHS11 and HFHS11/BRA2 mice (Fig. 2H-I).
Interestingly, genes controlled by the hepatocyte nuclear factor 4 alpha
(HNF4a), a transcription factor that controls the expression of down-
stream genes that are important in multiple aspects of hepatic meta-
bolism [18], are predominantly unaltered or downregulated under
HFHS diet, while B-RA therapy induces an activation of HNF4a regula-
tion (Fig. 2H-J). These results suggest that LXR-RXR and HNF4a may be
involved in the induction of lipid catabolism in the liver under -RA
therapy.

2.3. f-RA prevents MASLD and WAT hypertrophy in DIO mice

The profound changes in the hepatic transcriptome are congruent
with the striking modification of the hepatic function and phenotype.
Moreover, obesity is the greatest risk factor for developing MASLD.
Accordingly, the livers of mice after 16 weeks on the HFHS diet show
features of steatosis under hematoxylin & eosin (H&E) and oil-red
(ORO) stains (Fig. 3A-G). These features of steatosis are not present in
the B-RA treated group, since the lipid content in the liver is significantly
reduced, reaching values like those of the control group. With the
related compounds, only 4HB decreases the lipid content in the liver
(Fig. S7). The observed fat profiles of the livers in the three experimental
groups are consistent with the increased levels of hepatic triglycerides in
HFHS16 mice and the normalization induced by B-RA therapy (Fig. 3H).
Furthermore, the livers of HFHS16 mice show alterations in several
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Fig. 2. Profile of hepatic gene expression. (A) Schematic figure of the experimental design for -RA treatment in DIO mice. (B, C) Body weight of male (B) and female
(C) mice on HFHS diet and HFHS diet +0.33 % p-RA at 9 weeks on HFHS (n = 16 for HFHS16 group and n = 10 for HFHS16/BRA?7 group in males; n = 18 for HFHS16
and n = 9 for HFHS16/BRA7 group in females). # p < 0.05, ## p < 0.01, ### p < 0.001, differences versus HFHS16 group. (D-E) Representation of the canonical
pathways altered by HFHS diet (D) and by the treatment with p-RA (E). z-Score indicates a predicted activation or inhibition of a pathway/gene, where a negative z
value connotes an overall pathway’s inhibition (represented in blue), and a positive z value connotes an overall pathway’s activation (represented in orange). (F-G)
Representative heatmap of the expression level of the genes involved in lipid metabolism and that appear significantly altered by HFHS diet and by the treatment
with p-RA. Orange indicates overexpression of the indicated gene, and blue downregulation of the indicated gene. A Crossed box indicates that the expression of
indicated gene was not statistically different in that comparison. (H-I) Representation of the upstream regulators that are predicted to be involved in the alterations
induced by HFHS diet (H) and by the treatment with $-RA (I). z-score indicates a predicted activation or inhibition of a pathway/gene, where a negative z value
connotes an overall pathway’s inhibition (represented in blue), and a positive z value connotes an overall pathway’s activation (represented in orange). (J)
Representative heatmap of the expression levels of genes regulated by HNF4a. Orange indicates overexpression of the indicated gene, and blue downregulation of the
i‘ndicated gene. A Crossed box indicates that the expression of indicated gene was not statistically different in that comparison.

metabolic pathways, i.e., the urea cycle (Fig. 3I) and pyrimidine meta-
bolism (Fig. 3K), especially in the levels of uracil. The treatment with
B-RA reverses some of the metabolic perturbation associated with the
HFHS diet, indicating a partial normalization of the hepatic metabolic
functions following the decrease in steatosis (Fig. 3I-K).

NALFD and increased WAT volume are frequently associated, and
both are linked to obesity. In adult animals and humans, voluminal
expansion of WAT is caused by hypertrophy of adipocytes. As such, it
was shown that the increased WAT content of mice fed with a high-fat
diet was associated with larger adipocyte size (Cummins et al., 2014),
a hallmark of obesity that is absent in mice treated with p-RA. Specif-
ically, morphologic analysis of epididymal WAT shows hypertrophied
adipocytes, with lower number per area and increased size, in HFHS16
mice, compared to animals fed with standard diet (Fig. 4A-E). B-RA
treatment shows a two-fold decrease in adipocyte size and an increase in
adipocyte number per area, when compared with the HFHS16 group
(Fig. 4A-E). Other related compounds do not impact on the size and
number of the adipocytes per area (Fig. SSA-C).

Since obesity is associated with metabolic rewiring of WAT [19], we
also performed a metabolic analysis of the WAT in the different exper-
imental groups. In HFHS16 mice, the level of lactate and sedoheptulose-
7P, intermediate of the pentose phosphate pathway, are decreased
compared to the mice fed with the standard diet or p-RA supplementa-
tion, respectively (Fig. 4F). Moreover, levels of some glycolytic-related
intermediates are altered. Specifically, the amount of 2P-glycerate is
lower in HFHS16 mice compared to those in the animals fed with the
standard diet (Fig. 4F). Also, the levels of the TCA cycle intermediates
alpha-ketoglutarate and malate are higher in HFHS16 mice (Fig. 4F),
indicating higher energy metabolism or utilization of acetyl-CoA for
fatty acid synthesis. B-RA supplementation counterbalances the de-
viations of the aforementioned molecules caused by HFHS diet, most
likely due to normalization of the TCA cycle (Fig. 4F-G). Together, these
data indicate that p-RA decreases the hypertrophy of adipocytes by
reducing fatty acid synthesis and normalizing WAT metabolism.

2.4. B-RA reduces hyperlipidemia and alleviates HFHS-induced insulin
resistance

The obese phenotype induced by HFHS diet is also reflected by
hypertriglyceridemia, hypercholesterolemia, hyperglycemia and insulin
resistance, in both males (Fig. 5A, C, E, G, I, K) and females (Fig. 5B, D, F,
H, J, L). B-RA treatment induces a decrease in circulating triglycerides,
total cholesterol and fasting glucose in HFHS16/BRA16, compared to
HFHS mice, with a more pronounced effect in males (Fig. 5A, G, E, G, I,
K) than in females (Fig. 5B, D, F, H, J, L). The glycemic control was
assessed by intraperitoneal glucose tolerance testing (GTT), which
shows a marked improvement of HFHS-induced glucose intolerance in
male B-RA-treated mice (Fig. 5G, I), but not in females (Fig. 5H, J).
Further evaluation of insulin resistance by intraperitoneal insulin
tolerance testing (ITT) reveals an improvement in glucose clearance in
HFHS16/BRA16 mice relative to HFHS mice (Fig. 5K-L). With the
related molecules the results are consistent with the genetic, metabolic
and morphological data, since only 4HB slightly decreases the insulin

resistance (Fig. S9), but to a lower extent than -RA.

Glucose and lipid metabolism are under the control of metabolic
hormones. Thus, HFHS diet induces hyperinsulinemia secondary to in-
sulin resistance (Fig. 5M). In parallel, plasma glucagon levels are
decreased and, consequently, the insulin/glucagon ratio is increased
(Fig. 5N-0). Also, plasma levels of both gastric inhibitory polypeptide
(GIP), a hormone that controls insulin secretion and promotes nutrient
storage and inhibition of lipolysis in adipose tissue [20], and leptin, a
hormone secreted by adipocytes that systemically controls fuel meta-
bolism [3], increase under HFHS diet (Fig. 5P-Q). Importantly, -RA
treatment partially normalizes the serum levels of the metabolic hor-
mones, consistent with the reduction of the content of WAT and the
normalization of energy metabolism and insulin and leptin resistance
(Fig. 5M-Q). Moreover, the metabolomic analysis in the serum of the
DIO mice reveals an increase in the levels of the amino acids asparagine
(ASN), glutamate (GLU), proline (PRO), serine (SER), homocysteine
(HCY), s-adenosyl-homocysteine (SAH) and betaine (BT), which is
characteristic of obesity and NALFD [21]. Also, the serum levels of
leucine (LEU), valine (VAL) and tryptophan (TRP) decrease in DIO mice
(Fig. 5R). Importantly, B-RA treatment normalizes the serum amino
acids profile (Fig. 5R).

2.5. The therapeutic effects of f-RA are also observed in mice that are
already obese mice

To test whether p-RA can also reduce the body weight and normal-
izes the levels of key metabolites in already obese mice, we treated DIO
mice with B-RA for 7 weeks after 9 weeks under HFHS diet (HFHS16/
BRA7) (Fig. 2A). B-RA reduces the body weight in HFHS16/BRA7 mice,
with a more drastic effect in females than in males (Figs. 2B-C, S11A-B).
However, the body weight reduction with p-RA is less intense than the
body weight reduction observed with subcutaneous administration of
semaglutide treatment (Fig. S10). Therefore, p-RA not only prevents the
increase in body weight, but also reduces the body weight in already
obese mice. Moreover, the reduced body weight in mice after -RA
treatment is mainly caused by the decrease in the content of WAT while
still preserving the weight of skeletal muscle (Fig. S11C-F). These
changes in body weight result in the normalization of plasma tri-
glycerides and cholesterol, an improvement in glucose homeostasis
characterized by the normalization of the insulin/glucagon ratio, as well
as levels of GIP and leptin (Fig. S11G-S). Accordingly, after 7 weeks on
the HFHS + p-RA diet, the livers of mice do not exhibit features of
steatosis under hematoxylin & eosin (H&E) and oil-red (ORO) stains
(Fig. S11T-Y); and the epididymal WAT does not show hypertrophic
adipocytes (Fig. S11Z-AB). These effects are due, at least in part, to the
normalization of the CoQg levels in mitochondria of WAT, a mechanism
that is not observed in either liver or skeletal muscle (Fig S11AC-AE).

Since p-RA acts in the mitochondrial CoQ biosynthetic pathway and
considering that mitochondrial UCP1 is a redox-regulated protein able
to burn fat through mitochondrial uncoupling, we also analyzed the
expression of UCP1 in WAT. The levels of UCP1 do not significantly
differ between animals fed with either standard or HFHS diets
(Fig. S12A-F, M-R). Notably, p-RA therapy slightly increases the
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Fig. 3. Morphologic and metabolic characterization of the liver in DIO mice, and the effect p-RA treatment. (A-C) Representative H&E staining of paraffin sections
from the liver. (D-F) Representative Oil red O (ORO) staining of OCT-embedded liver sections. (G) Quantification of ORO-positive stained area versus total liver area
in OCT-embedded liver sections (n = 10 for control group, n = 7 for HFHS16 and n = 7 for HFHS16/BRA16). (H) Levels of triglycerides represented by their number
of double bonds, relative to cholesterol levels, in the liver. (I-J) Hepatic levels of metabolites related to urea cycle (K), glycolysis/TCA cycle (L) and pyrimidine
metabolism. (N-O). Data from liver of mice fed with either standard diet, HFHS diet or HFHS +0.33 % p-RA. Data are expressed as mean =+ SD. * p < 0.05, ** p <
0.01, *** p < 0.001; significance was assessed by one-way ANOVA tests with Tukey’s post hoc test multiple comparisons test. Each point represents a biological
replicate n = 5 for control and HFHS group and n = 6 for HFHS16/BRA7 group.
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Fig. 4. Morphologic and metabolic characterization of the WAT in DIO mice, and the effect -RA treatment. (A-C) Representative hematoxylin and eosin (H&E)
staining of WAT paraffin sections. (D, E) Quantification of the number per area (D) and size (E) of the adipocytes (n = 3 for each group). (F) Key metabolites related to
glycolysis, pentose phosphate pathway and TCA (n = 5 for control and HFHS group and n = 6 for HFHS16/BRA7 group). (K) Scheme of the involved metabolic
pathway. Data from WAT of mice fed with either standard diet, HFHS diet or HFHS +0.33 % p-RA. Data are expressed as mean + SD. * p < 0.05, ** p < 0.01.
Significance was assessed by one-way ANOVA tests with Tukey’s post hoc test multiple comparisons test.

expression of UCP1, in both males and females, independently of the
regimen of administration, i.e., HFHS16/BRA16 or HFHS16/BRA7
(Fig. S12G-L, S-X). Interestingly, the effect of f-RA treatment was more
pronounced in HFHS16/BRA7 mice (Fig. S12J-L, V-X) than in HFHS16/
BRA16 mice (Fig. S12G-I, S-U), a fact that may be attributed to the
weight loss that these mice are actively experiencing, through an
adaption of the metabolism of the white adipocytes. These data slightly
correlate with the UCP1 levels in brown adipose tissue (BAT) (Fig. S12Y
and Z). These results suggest that p-RA treatment has an anti-obesity
effect due, at least in part, to its mitochondrial actions.

Taken together, these data demonstrate that -RA protects and res-
cues against diet-induced obesity and normalizes the levels of key me-
tabolites, most likely due to the reduction of adiposity as a primary
event.

2.6. The ADME study supports the transitional potential of f-RA

The current study and other independent preclinical studies have
tested the administration of p-RA as a potential therapy for primary and
secondary CoQ deficiencies [6-11]. However, there is no available data
regarding the metabolic and pharmacokinetic properties of this

compound. Using liver microsomes, we have identified p-RA as a com-
pound with a long half-life and low clearance dependent on cytochrome
P450 isoforms (Table 1), compared to verapamil, a high clearance
compound. Importantly, the reduced cytochrome P450-dependent
clearance is comparable in both mouse and human microsomes
(Table 1).

Then, we determined the pharmacokinetics of -RA by intravenous
administration (50 mg/kg b.w.) in C57BL/6J mice. As shown in Fig. S13,
the profile of time and plasma (Fig. S13A) and liver (Fig. S13B) con-
centration of B-RA indicates that -RA has a two-phase elimination
(before and after 60 min). The pharmacokinetic parameters of -RA in
mouse plasma indicate that its half-life is 197.98 min; the time of
maximum observed concentration is 5 min; the maximum observed
concentration is 1.63 x 10° ng/ml; and its area under the curve (AUC 0-
t)is 3.5 x 10° ng/ml x min (Table 2). The volume distribution (Vz) of
B-RAis 1.42 x 10° (mg/kg)/(ng/ml) and the clearance (Cl) is 5.47 x 10°
(mg/kg)/(ng/ml) (Table 2). These data suggest that a sustained
administration of p-RA is required to maintain therapeutically relevant
concentrations of -RA in plasma, supporting the experimental admin-
istration in the chow for long term in vivo studies.
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Fig. 5. Metabolic characterization of the serum of DIO mice, and the effect p-RA treatment. (A-F) Serum lipid and glucose profile, represented by levels of tri-
glycerides (A, B) (n = 6 for control group and n = 4 for HFHS16 and HFHS16/BRA16 groups in male; n = 5 for control and HFHS16 group, and n = 4 for HFHS16/
BRA16 group), cholesterol (C, D) (n = 6 for each group in males; n = 7 for control group, n = 6 for HFHS16 group and n = 4 for HFHS16/BRA16 group in female) and
glucose (E, F) (n = 8 for each group in males and n = 11 for each group in females) in male (A, C, E) and female (B, C, F) mice. (G-H) Serum glucose levels following
the glucose tolerance test (GTT) (n = 5 for each group in males and n = 6 for each group in females). (I-J) Area under the curve (AUC) from GTT in male (I) and
female (J) mice (n = 5 for each group in males and n = 6 for each group in females). (K-L) Serum glucose levels following the insulin tolerance test (ITT) in male (K)
and female (L) mice (n = 4 for control group, n = 5 for HFHS16 group and n = 4 for HFHS16/BRA16 group in males and females). (M-Q) Quantification of insulin
levels (M) (n = 8 for each group), glucagon levels (N) (n = 13 for each group), insulin/glucagon ratio (O) (n = 8 for each group), GIP levels (P) (n = 9 for each group)
and leptin levels (Q) (n = 8 for control and HFHS16/BRA16 groups, and n = 10 for HFHS16 group) in the mice serum. (R) Serum levels of metabolites related to
amino acid metabolism in mice (n = 5 for control and HFHS group and n = 6 for HFHS16/BRA7 group). Data from serum of mice fed with either standard diet, HFHS
diet or HFHS +0.33 % B-RA diet. Data are expressed as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001. Significance was assessed by one-way ANOVA tests with

Tukey’s post hoc test multiple comparisons test.

Table 1
Metabolic stability of B-RA, compared to a known compound, verapamil.

Compound  Mouse liver microsomes Human liver microsomes
T1/2 CLin¢ (ml/min/mg T1/2 CLip¢ (ml/min/mg
(min) pb) (min) pt)

B-RA >60 <11 >60 <51

Verapamil 3.02 221 1.98 1578

Ty /2 (min) = half-life; CLj,, (ml/min/mg pt) = intrinsic clearance.

Table 2

Pharmacokinetic parameters of f-RA in mice.
Parameter Units Value
Lambda_z 1/min 0.0035
Ti/2 min 197.98
Tmax min 5.00
Cmax ng/ml 1.63 x 10°
Clast/Cmax 9.81 x 10°
AUC 0-t ng/ml x min 3.50 x 10°
AUC 0-inf ng/ml x min 0.99
AUC 0-t/0-inf 1.62 x 10®
AUMC ng/ml x min? 46.25
MRT min 0.0040
vz (mg/kg)/(ng/ml) 1.42 x 10°
cl (mg/kg)/(ng/ml)/min 5.47 x 10°

Lambda_z = first order rate constant associated with the terminal (log-linear)
portion of the curve. Estimated by linear regression of time vs. log concentration;
Ty,2: half-life; Tmax = time of maximum observed concentration; Cmax =
maximum observed concentration, occurring at Tmax; Cl = clearance; Clast =
total body clearance for extravascular administration; AUC O-t: area under the
curve, from time O to time t; AUC 0-inf: area under the curve, from time O to the
time that the drug is no longer present; AUMC 0-inf obs = area under the first
moment curve (AUMC), from time O to the time that the drug is no longer
present; MRT: mean residence time; Vz = volume of distribution; Cl = Clearance.

3. Discussion

New therapeutic options for obesity and MASLD are challenging due
to the difficulties of identifying novel and safe therapeutic mechanisms
with translational potential. Here, we first confirm that hypertrophied
white adipocytes in DIO mice harbor secondary CoQ deficiency. Then,
we discover that p-RA, a natural phenolic compound used by the food
industry as a taste enhancer, normalizes mitochondrial CoQ metabolism
in WAT, which leads to a metabolic rewiring. Moreover, -RA promotes
a modification in the hepatic transcriptome that results in an induction
of lipid catabolism. Those actions specifically prevent and reduce the
accumulation of WAT in a preclinical model of diet-induced obesity.
Consequently, p-RA also avoids the ectopic fat accumulation in the liver,
thus preventing MASLD.

CoQ deficiency can be primarily caused by defects in the CoQ
biosynthetic genes or secondarily to other conditions [22,23], including
metabolic syndrome [5]. Animal models of primary CoQ deficiency have
been very valuable to identify new functions of CoQ and patho-
mechanisms of CoQ deficiency and to evaluate potential therapies

[15,24]. Among those therapies, f-RA has emerged as an effective
therapy in different mouse models of primary CoQ deficiency with either
encephalopathy or nephrotic syndrome [6-10]. In all cases, p-RA has
been orally administered in the drinking water or the chow, and the
compound is detectable in serum and tissues [7,8]. This mode of
administration seems to be optimal since, although the compound is not
metabolized by mouse or human microsomes, its half-life and other
pharmacokinetic parameters suggest the need of a sustained adminis-
tration to maintain optimal levels of the compound in serum and tissues.
This is similar to the results of the pharmacokinetic analyses of other
small phenolic compounds, including 3,4-dihydroxybenzoic acid (3,4-
diHB) or protocatechuic acid [25,26].

Although B-RA therapy is promising in cases of primary CoQ defi-
ciency, its potential application in cases of secondary CoQ deficiencies
has not been evaluated yet. Here, we confirm that secondary CoQ
deficiency is a common feature in mitochondria of WAT in animal
models of obesity [5,14], a fact that has been also reported in humans
with insulin resistance [5]. Importantly, we demonstrate that B-RA
therapy can be also effective in secondary CoQ deficiencies, particularly
in obesity and insulin resistance. p-RA supplementation normalizes
CoQg levels in mitochondria of WAT of DIO mice, most likely due to a
stimulation in the expression of the COQ5 and COQ7 proteins, which are
components of the Complex Q [24]. The normalization of the mito-
chondrial CoQ levels may contribute to the stimulation in the expression
of UCP1, a thermogenic protein with fat-burning properties. The asso-
ciation of CoQ and UCP1 has been previously reported [27], although its
role in a physiological context is still controversial [28-30]. Neverthe-
less, a recent study has shown that CoQ impacts mitochondrial respi-
ration of brown and beige adipocytes through the modulation of UCP1
expression [31]. However, it cannot be discarded that p-RA directly
impacts UCP1 in adipose tissue nor influences the whole mitochondrial
metabolism. In any case, the normalization of the mitochondrial CoQ
levels may contribute to a metabolic rewiring that normalizes the adi-
pocytes phenotype.

The effect of p-RA in modulating mitochondrial CoQ metabolism and
linked pathways may contribute to a profound reduction in the WAT
content, resulting in a decrease in the animals’ body weight and a pre-
vention in the development of MASLD. The link between p-RA, mito-
chondrial CoQ metabolism and reduction in WAT content is reinforced
by that fact that 4HB, a B-RA analog and natural precursor of CoQ
biosynthesis, partially normalizes the mitochondrial CoQqg levels and
reduces the WAT content and the animals’ body weight. The differences
observed among each compound can be partially attributed to their
distinct actions within the CoQ biosynthetic pathway. For example, p-RA
has the potential to bypass defects in COQ7 or COQ9 since it contains the
hydroxyl group that is incorporated in the benzoquinone ring by the step
catalyzed by COQ7-COQ?9 [6,8]; VA could bypass defects in COQ6 since
it contains the methyl group that is incorporated in the benzoquinone
ring by the steps catalyzed by COQ6 and COQ3 [16]; and 4HB could
enhance COQ2 activity through a substrate-enhancement therapeutic
mechanism [12,32]. Another B-RA analog, 3,4-diHB, which could
bypass COQ6 defects [16], has also been reported to attenuate diet-
induced obesity [33]. However, 4HB and 3,4-diHB each individually
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reduce the body weight by only 7-12 %, while p-RA reduces it by 29-33
%, a value that is still below of the anti-obesity effects observed by
semaglutide in DIO mice [34].

Although the effect of f-RA on CoQ metabolism in WAT could
partially explain the reduction in the WAT content, we also found that
B-RA induces transcriptomics changes that modify lipid metabolism in
the liver. Specifically, p-RA activates genes involved in fatty acids p
oxidation and triacylglycerol degradation, while inhibits genes involved
in cholesterol biosynthesis. Importantly, our analyses of the canonical
pathways and upstream regulators predict that these effects could be
mediated through the nuclear receptor LXR and the transcription factor
HNF4o, both involved in the regulation of lipid metabolism in the liver
[35]. In fact, mutations in HNF4«x are associated to diabetes and meta-
bolic disorders [18], and both LXR and HNF4a have been also proposed
as therapeutic targets for obesity and MASLD [35,36]. Interestingly, a
recent study has shown that N-trans-caffeoyltyramine acts as HNF4a
agonist and, when orally administrated, leads to a prevention of weight
gain and hepatic steatosis in mice fed with HFD [37]. N-trans-caffeoyl-
tyramine is a hydroxycinnamic acid, which has the benzene ring hy-
droxylated, as B-RA and others hydroxybenzoic acids derivatives [38].
Therefore, we speculate that f-RA could act as HNF4a agonist, although
that must be evaluated in future studies. The dual actions of -RA on
CoQ metabolism, coupled with the activation of LXR and HNF4aq, induce
metabolic functions that actively utilize fuel; however, it is crucial to
evaluate energy expenditure in future studies. Nevertheless, this may
explain the intense effect of p-RA in preventing body weight gain in
animals fed a HFHS diet, resulting in lower body weight compared to
animals fed a standard diet, even with opposite differences in energy
intake. Similar observations have been noted in preclinical models with
others anti-obesity drugs employing different mechanisms of action
[34,39].

Another important observation is that f-RA is effective in reducing
the content of WAT when administered concomitantly with the initia-
tion of HFHS diet and when the animals have already undergone 9
weeks of the HFHS diet, indicating that -RA can be effective in both
preventing and treating overweight and obesity. Moreover, p-RA pre-
vention and treatment of the overweight/obesity resulted in a gradual
and reversible reduction in body weight, suggesting a lack of toxic ef-
fects. In fact, p-RA has been supplemented at the same dose throughout
the whole life of the animals fed with standard diet with no toxic side
effects and even an increase in lifespan [7].

While our study emphasizes significant anti-obesity effects in vivo in
the DIO model, we recognize several considerations that merit attention:
1) Although the PK characteristics of p-RA analogs are expected to be
similar [25], we have not conducted an ADME study for each compound.
This oversight could partially account for differences observed in the
outcomes associated with each compound; 2) the ADME study was
conducted via intravenous administration, which might not fully cap-
ture certain aspects of absorption and metabolism that are relevant to
oral administration, and to a specific DIO model; 3) the involvement of
HNF4q in the anti-obesity effects of f-RA must be further characterized;
and 4) the conversion of the mouse dosage to its human equivalent
necessitates thorough consideration, factoring in various elements such
as compound metabolism and variances in body surface area.

In conclusion, our study identifies CoQ metabolism as a pathological
and therapeutic target in obesity and MASLD and provides a potentially
translatable therapeutic tool, with complementary mechanisms of ac-
tions, for the prevention and treatment of overweight and obesity.

4. Methods
4.1. Animals and treatments
C57BL/6J mice were used for this study. Specific experiments were

also developed in nicotinamide nucleotide transhydrogenase knockout
(NNTX®) C57BL/6J mice, which are more prone to the obese phenotype
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[13]. Therefore, by using these mice we aimed to explore if the anti-
obesity effects of p-RA was also observed in mice with more intense
obese phenotype. The animals were housed in the Animal Facility of the
University of Granada under an SPF zone on a 12-hr light/dark cycle
with unlimited access to water and food. No inclusion or exclusion
criteria were used to assign animals in each experimental group. All data
were included in the results.

Eight-week-old mice were fed ad libitum for a period of 16 weeks
with a standard lab diet (SAFE® 150, which provides 21 %, 12.6 % and
66.4 % energy from proteins, lipids and carbohydrates, respectively;
3028 kcal/kg) (standard diet group) or with a high-fat high-sucrose diet
(HFHS) (SAFE® U8954P Version 0027, 30 % Lard and 37 % Sucrose,
which provides 14,5 %, 53,8 % and 31,7 % energy from proteins, fat and
carbohydrate, respectively; 5068.6 kcal/kg) (HFHS16 group). The diets
were stored at 4 °C and replenished in the animal cages twice a week.
B-resorcylic acid (B-RA) (Merck Life Science S.L.U, Madrid, Spain),
vanillic acid (VA), 4-hydroxybenzoic acid (4HB) or CoQ;o were
administered to the mice in the HFHS diet at a concentration of 0.33 %
(w/w), corresponding to 23.9 mmol B-RA, 21.4 mmol VA, 19.6 mmol
4HB or 3.8 mmol CoQg in each kilogram od chow (HFHS16/BRA16,
HFHS16/VA16, HFHS16/4HB16, HFHS16/CoQ16 groups). This range
of doses is able to increase the levels of the specific compounds in plasma
and tissues [7,8,11,40]. All groups were assessed at the same time
during experiments. }-RA at 0.33 % has been previously reported to
reduce body weight in wild type mice [7].

Mice began receiving the assigned treatments at 8 weeks of age,
except in the HFHS16/BRA7 group, in which the treatments with -RA
started at 9 weeks after the start of the HFHS diet. Mice were monitored
for 16 weeks before conducting studies at the end-of-experiment
dissection and posterior analyses. Control and treated groups were
assessed at the same time during experiments. The analyses were per-
formed at the age indicated for each case. Animals were randomly
assigned to experimental groups and mice from different cages were
used to negate cage-specific effects. Data were randomly collected and
processed.

Food intake was recorded experiment every three days for two
weeks. Mice were housed in groups of 2-4 animals per cage. The body
weights were recorded once a week. Mice were sacrificed at 6 months of
age and the skeletal muscles (gastrocnemius and vastus lateralis), white
adipose tissues (epididymal and inguinal) and the liver were dissected
and weighed on a laboratory scale.

For analytical experiments, only gastrocnemius and epididymal WAT
were used to evaluate the involvement of skeletal muscle and WAT.

To compare the effects of p-RA with those of semaglutide, a highly
effective anti-obesity drug, mice were fed a HFHS diet for 11 weeks. At
week 9, either p-RA was introduced into the diet at a concentration of
0.33 % (w/w) (HFHS11/BRA2) or semaglutide was subcutaneously
injected at a dose of 10 nmol/kg b.w., dissolved in phosphate-buffered
saline, twice daily (HFHS11/Segmaglu2) [34].

4.2. LC-MS/MS analysis of f-RA

Mice were treated with an intraperitoneal (i.v.) injection of §-RA at a
dose of 50 mg/kg b.w, and mice were sacrificed at 5, 15, 30, 60, 240,
480, 720, 960 and 1440 min after the injection. Blood samples were
extracted and centrifuged to obtain the plasma. The mouse plasma and
tissue liver samples were thawed by leaving them at room temperature.
A 50.0 pl aliquot of each mouse plasma sample was mixed with 150.0 pl
of cold AcN containing the internal standard (200 ng/ml). After vortex
mixing for 1 min, the samples were centrifuged at 13300 rpm for 15 min
at 4 °C. Following centrifugation, a 150 pl aliquot of the supernatant was
transferred to an autosampler vial for LCMS analysis. As for the liver
tissue samples, they were homogenized with a 3.5 volume of phosphate
buffer saline (PBS) using the MACS Dissociator (Miltenyi Biotec), a
benchtop instrument for the automated dissociation of tissues. Then, a
50 pl volume of the homogenate was combined with 150 pl of ice-cold
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methanol containing the internal standard (final concentration 148.5
ng/ml). The mixture was vortexed for 1 min and then subjected to
centrifugation at 13300 rpm for 15 min at 4 °C. Subsequently, an aliquot
of 160 pl of the resulting supernatant was transferred to a vial for LCMS
analysis.

The supernatants were analyzed using an Agilent 1290 Infinity
coupled to API4000 AB Sciex MS detector with an electrospray ioniza-
tion in negative mode. The analytical separation column was a Atlantis
T3, 3 pm, 2.1 x 50 mm column (Waters, Spain) and the flow rate was
0.4 ml/min. The mobile phase consisted of two solutions: eluent A (0.1
% formic acid in 10 % acetonitrile) and eluent B (0.1 % formic acid in 90
% acetonitrile). Samples were eluted over 5 min with a gradient as
follows: 0-0.5 min, 5 % eluent B; 0.5-2.70 min, 95 % eluent B;
2.70-4.00 min, 95 % eluent B; 4.00-4.10 min, 5 % eluent B; 4.10-5 min,
5 % eluent B. Source temperatures was set at 400 °C. Nitrogen was used
as curtain gas (20 psi), nebulizer gas (60 psi), desolvation gas (45 psi)
and as collision gas (4 psi). Mass spectrometry analyses were carried out
in multiple reaction monitoring mode (MRM) at the following transi-
tions: m/z 152.899/65.0for p-RA and 137.106/64.893 for the internal
standard (salicylic acid).

Quantification of $-RA levels in treated mouse plasma samples was
achieved according to a previously validated method. Briefly, blank
mouse plasma samples were spiked with standard solutions of p-RA
(50-6500 ng/ml) and an internal standard (200 ng/ml). Analyte
extraction was performed using ice-cold acetonitrile. Recovery values
ranged from 54 % to 66 % depending on the concentration. Method
linearity was established with a regression coefficient (r) of 0.9996.

Additionally, the back-calculated standards provided a maximum
variation of 5.53 % (CV%) and the accuracy ranged between 87.3 % and
108 %, referring to the nominal concentration value. Similarly, mouse
liver tissue samples were quantified according to a previously validated
method. Briefly, mouse liver tissue samples were homogenized with a
3.5 volume of PBS. Then, 50 pl of liver homogenate was extracted with
150 pl of ice-cold methanol. Method recovery ranged from 108 % to 130
% depending on the concentrations. Calibration standard curves were
established from 8 to 1024 ng/ml, and method linearity was set at r =
0.9993.

4.3. Histology and immunohistochemistry

Tissues were fixed in formalin (24 h), processed and embedded in
paraffin. Multiple sections (4 pm thickness) were deparaffinized with
xylene and stained with hematoxylin and eosin (H&E) (Merck Life Sci-
ence S.L.U, Madrid, Spain). Immunohistochemistry was carried out on
the same sections using the following primary antibody UCP1 (U6382,
Sigma-Aldrich) at 1:500 dilution. The Dako Animal Research Kit for
mouse primary antibodies (Dako, Agilent Technologies, Madrid, Spain)
was used for the qualitative identification of antigens by fluorescence
microscopy. Alternatively, liver tissue samples were included in OCT
(Tissue-Teck). Sections (8 pm) were stained with Oil Red (Merck Life
Science S.L.U, Madrid, Spain) for lipid staining. Sections were examined
at 40-400 magnifications with a Nikon Eclipse Ni—U microscope
(Werfen, Madrid, Spain), and the images were scanned under equal light
conditions with the NIS-Elements Br computer software (Werfen,
Madrid, Spain). For lipid content quantification, liver slides were
analyzed with ImageJ software (NH, Bethesda, USA) as ORO-positive
area versus the total area.

4.4. Plasma analysis

Blood samples were obtained from submandibular vein puncture and
collected in Ks-ethylenediaminetetraacetic acid (EDTA) tubes (Kima,
VWR, Barcelona, Spain). The plasma was extracted from the blood
sample via centrifugation at 4500 g for 10 min at 4 °C and then frozen at
—80 °C. Biochemical analyses were carried out in a biochemical
analyzer Bs-200 (Shenzhen Mindray Bio-Medical Electronics Co., Ltd.,
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Shenzhen, China) using reagents from Spinreact.

Insulin concentration was assessed using the Mouse INS ELISA Kit
(EM0260) following the manufacturer’s instructions (FineTest, Lab-
clinics, Barcelona, Spain). The results were expressed in picograms per
milliliter. Glucagon concentration was quantified using the Mouse GC
ELISA Kit (EMO0562) according to the manufacturer’s instructions
(FineTest, Labclinics, Barcelona, Spain). The results were expressed in
picograms per milliliter. GIP concentration was measured using the
Mouse GIP ELISA Kit (EM0277) according to the manufacturer’s in-
structions (FineTest, Labclinics, Barcelona, Spain). The results were
expressed in picograms per milliliter. Leptin concentration was quanti-
fied using the Mouse LEP ELISa Kit (RAB0334) according to the manu-
facturer’s instructions (Millipore, Saint Louis, USA). The results were
expressed in picograms per milliliter.

4.5. In vivo metabolic assays

For glucose-tolerance tests (GTTs) and insulin tolerance tests (ITTS),
mice were fasted for 18 h or 4 h, respectively, with free access to water.
For GTTs, the mice received a 50 % glucose solution in water at a dose of
2 g/kg body weight by i.p. injection. For ITTs, the mice received insulin
injections of 0.75 U kg ™! by i.p. injection. Mice were bled from a tail clip
and blood glucose was measured with a handheld glucometer before
glucose administration (time 0) and 15, 30, 45, 60, 90, and 120 min
after.

4.6. Sample preparation and western blot analyses in tissues

For sample preparation, a glass Teflon homogenizer was used to
homogenize the mouse WAT, liver, skeletal muscle and brown adipose
tissue samples at 1100 rpm in a T-PER® buffer (Thermo Scientific,
Madrid, Spain) with protease inhibitor cocktail (Pierce). Homogenates
were sonicated and centrifuged at 1000 xg for 5 min at 4 °C, and the
resultant supernatants were used for the Western blot analysis. About
40 pg of protein from the sample extracts were electrophoresed in 12 %
Mini-PROTEAN TGXTM prescast gels (Bio-Rad) using the electropho-
resis system mini-PROTEAN Tetra Cell (Bio-Rad). Proteins were trans-
ferred onto PVDF 0.45 pm membranes using a Trans-Blot Cell (Bio-Rad)
and probed with target antibodies. Protein-antibody interactions were
detected using peroxidase conjugated horse anti-mouse, anti-rabbit, or
anti-goat IgG antibodies and Amersham ECLTM Prime Western Blotting
Detection Reagent (GE Healthcare, Buckinghamshire, UK). Band quan-
tification was carried out using a ChemiDoc MP Imaging System (Bio-
Rad) and ImageJ software (NH, Bethesda, USA). Protein band intensity
was normalized to VDAC1 for mitochondrial proteins. The data were
expressed in terms of percent relative to wild-type mice.

The following primary antibodies were used: anti-COQ5 (17453-AP,
Proteintech, Manchester, UK), anti-COQ7 (Proteintech, 15083-1-AP),
anti-CABC1 (H00056997M-04A, Abnova), anti-COQ9 (PA5-24816,
Invitrogen), anti-UCP1 (U6382, Sigma-Aldrich), anti-VDAC (ab14734,
Abcam).

The same samples from mice in the standard diet and in HFHS diet
were used in the evaluation of the effects of f-RA and the effects of other
compounds (VA, 4HB and CoQ;o.

4.7. Transcriptome analysis by RNA-Seq

The RNeasy Lipid Tissue Mini Kit (Qiagen) was used to extract total
RNAs from the liver and WAT, while RNA from skeletal muscle was
extracted using Trizol (Invitrogen). Seven animals (three females and
four males) were included in each experimental group. The RNAs were
precipitated, and their quality and quantity assessed using an Agilent
Bioanalyzer 2100 and an RNA 6000 chip (Agilent Technologies). The
cDNA libraries were then constructed using the TruSeq RNA Sample
Prep Kit v2 (Illumina, Inc.) and their quality checked using an Agilent
Bioanalyzer 2100 and a DNA 1000 chip (Agilent Technologies). The
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libraries were Paired End sequenced in a HiSeq 4000 system (Illumina,
Inc.) at Macrogen Inc. We aimed for 4-5 Giga Bases outcome per sample.
The quality of the resulting sequencing reads was assessed using FastQC.
The GRCm39 fasta and gtf files of the reference mouse genome were
downloaded from the Ensembl database and indexed using the bwtsw
option of BWA. BWA, combined with xa2multi.pl and SAMtools, was
also used for aligning the sequencing reads against the reference
genome, and HTSeq was used for counting the number of reads aligned
to each genomic locus. The alignments and counting were carried out in
our local server following the protocols as described [41].

After elimination of the genomic loci that aligned to at least a read in
at least 2 samples and normalization of the read counts by library size,
the differential gene expression was detected [11], using the General-
ized Linear Model (glmLRT option) statistic in EdgeR [42]. We used a
0.05 P-level threshold after False Discovery Rate correction for type I
error. Annotation of the differentially expressed genes was obtained
from the Mouse Genome Informatics (http://www.informatics.jax.
org/). The transcripts that filled the inclusion criteria were then sub-
jected to gene classification, using a databank based on hand-curated
literature. The general canonical pathways and upstream regulators
implicated for the significantly changed transcripts were generated by
Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA,
USA) before being evaluated and P-values <0.01 were considered sig-
nificant. z-Score indicates a predicted activation or inhibition of a
pathway/gene, where a negative z value connotes an overall pathway’s
inhibition (represented in blue), and a positive z value connotes an
overall pathway’s activation (represented in orange). The prediction is
based on the gene expression profile, using the IPA software algorithms
that front the data with the existing literature. Ingenuity Pathway
Analysis (IPA; Ingenuity Systems, Redwood City, CA, USA) was also used
for generating the gene expression heatmaps.

4.8. Liquid chromatography — mass spectrometry (LC-MS) — based
metabolomics

For metabolite extraction, 10 pl of serum was diluted in 1 ml of a lysis
buffer composed of methanol/acetonitrile/H,0 (2:2:1) and shook for 10
min at 4 °C before centrifugation for 15 min at full speed and 4 °C. For
WAT, SKM and liver samples, 35-50 mg of tissue was ground in a mortar
under liquid nitrogen, and metabolites were extracted by adding 500 pl
lysis buffer and shaking for 20 min before centrifugation. The super-
natants were collected and used for LC-MS analysis. The LC-MS analysis
procedure and parameters were as described before [11]. LC-MS anal-
ysis was performed on an Exactive mass spectrometer (Thermo Scien-
tific) coupled with a Dionex Ultimate 3000 autosampler and pump
(Thermo Scientific). The MS operated in polarity-switching mode with
spray voltages of 4.5 kV and - 3.5 kV. Metabolites were separated using
a Sequant ZIC-pHILIC column (2.1 x 150 mm, 5 pm, guard column 2.1
x 20 mm, 5 pm; Merck) with elution buffers acetonitrile and eluent A
(20 mM (NH4)2COs, 0.1 % NH4OH in ULC/MS grade water (Biosolve).
The flow rate was set at 150 pl/min and the gradient ranged from 20 % A
to 60 % A in 20 min, followed by a wash at 80 % and re-equilibration at
20 % A. Metabolites were identified and quantified using TraceFinder
software (Thermo Scientific). Metabolites were identified based on exact
mass within 5 ppm and further validated by concordance with retention
times of standards. The peak areas of the identified metabolites were in
their respective linear range of detection. Peak intensities were
normalized based on the total peak intensity of the total metabolites in
order to correct for technical variations during mass spectrometry
analysis [11].

4.9. Liquid chromatography — mass spectrometry (LC-MS) — based
lipidomics

Lipids were extracted according to the method described by Bligh
and Dyer [43]. Lipid extracts were dried under Ny and then dissolved in
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100 pl chloroform/methanol (1:1) and injected (10 pl) into a hydrophilic
interaction liquid chromatography column (2.6 pm HILIC 100 A, 50 x
4.6 mm, Phenomenex, CA). Lipid classes were separated by gradient
elution on an Infinity II 1290 UPLC (Agilent, CA) at a flow rate of 1 ml/
min. A mixture of acetonitrile and acetone (9/1; v/v) was used as solvent
A, while solvent B consisted of a mixture of acetonitrile, H,O (7/3; v/v)
with 50 mM ammonium formate. Both solvents A and B contained 0.1 %
formic acid (v/v). Gradient elution was performed as follows (time in
min, %B): (0,0), (1, 50), (3, 50), (3.1, 100), (4, 100). Between successive
samples, the column was not re-equilibrated. The column outflow was
connected to a heated electrospray ionizationsource (hESI) of an Orbi-
trap Fusion mass spectrometer (Thermo Scientific, MA) operating at
—3600 V in negative ionizationmode. The evaporator and ion transfer
tube were set at 275 °C and 380 °C, respectively. Full scan measure-
ments (MS1) in the mass range of 450 to 1150 amu were collected with a
resolution of 120,000. Parallel data-dependent MS2 experiments were
performed with HCD fragmentation set at 30 V, using the two-stage
linear ion trap to generate up to 30 spectra per second.

The dried neutral lipids were dissolved in a mixture of chloroform
and methanol (1/1; v/v). The lipids were separated on a Halo C18 fused
core column (3.0 x 150 mm, 2.7 pm; Advanced Materials Tech, Wil-
mington, DE) with a gradient from 100 % methanol/water (1/1; v/v) to
100 % methanol/2-propanol (8/2; v/v) in 2 min and an additional 5.5
min elution with methanol/2-propanol. The elution took place at 40 °C
and a flow rate of 600 pl/min. The column outflow was connected to an
atmospheric pressure chemical ionization (APCI) source coupled to a Q
Exactive HF mass spectrometer. Full scan measurements (MS1) in the
mass range of 200 to 1100 amu were collected with a resolution of
120,000. Data processing using R-script was based on the ‘XCMS’
package for peak recognition and integration [44]. Lipid classes were
identified based on retention time and molecular species were then
compared with a lipid database generated in silico, with a mass accuracy
of <0.003 Da.

4.10. Quantification of CoQg and CoQjg levels in mice tissues

After lipid extraction from the homogenized tissues, CoQg and CoQ1¢
levels were determined via reversed-phase HPLC coupled to electro-
chemical detection, as previously described [45]. Then, a standard curve
of CoQg was used for a quantitative estimation. The results were
expressed in nanograms of CoQ per milligram of protein.

4.11. Statistical analysis

The number of animals in each group were calculated in order to
detect gross ~60 % changes in the biomarker measurements (based
upon alpha = 0.05 and power of beta = 0.8). We used the application
available at http://www.biomath.info/power/index.html Animals were
randomly assigned to experimental groups in separate cages by the
technician of the animal facility. Most statistical analyses were per-
formed using the Prism 9 scientific software. In the figures, each point
represents a biological replicate and data are expressed as the mean +
SD. A one-way or two-way ANOVA was used to compare the differences
between experimental groups appropriate. Post hoc correction for
multiple comparisons was carried out using Tukey’s or Sidak’s tests as
appropriate. Studies with two experimental groups were evaluated using
unpaired Student t-test. A p-value of <0.05 was considered to indicate
statistical significance.
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