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Abstract: Activation of peroxisome proliferator-activated receptors (PPARs) not only regulates
multiple metabolic pathways, but mediates various biological effects related to inflammation and
oxidative stress. We investigated the effects of four new PPAR ligands containing a fibrate scaffold—
the PPAR agonists (1a (αEC50 1.0 µM) and 1b (γEC50 0.012 µM)) and antagonists (2a (αIC50 6.5 µM)
and 2b (αIC50 0.98 µM, with a weak antagonist activity on γ isoform))—on proinflammatory and
oxidative stress biomarkers. The PPAR ligands 1a-b and 2a-b (0.1–10 µM) were tested on isolated
liver specimens treated with lipopolysaccharide (LPS), and the levels of lactate dehydrogenase (LDH),
prostaglandin (PG) E2, and 8-iso-PGF2α were measured. The effects of these compounds on the gene
expression of the adipose tissue markers of browning, PPARα, and PPARγ, in white adipocytes, were
evaluated as well. We found a significant reduction in LPS-induced LDH, PGE2, and 8-iso-PGF2α

levels after 1a treatment. On the other hand, 1b decreased LPS-induced LDH activity. Compared to
the control, 1a stimulated uncoupling protein 1 (UCP1), PR-(PRD1-BF1-RIZ1 homologous) domain
containing 16 (PRDM16), deiodinase type II (DIO2), and PPARα and PPARγ gene expression, in 3T3-
L1 cells. Similarly, 1b increased UCP1, DIO2, and PPARγ gene expression. 2a-b caused a reduction in
the gene expression of UCP1, PRDM16, and DIO2 when tested at 10 µM. In addition, 2a-b significantly
decreased PPARα gene expression. A significant reduction in PPARγ gene expression was also found
after 2b treatment. The novel PPARα agonist 1a might be a promising lead compound and represents
a valuable pharmacological tool for further assessment. The PPARγ agonist 1b could play a minor
role in the regulation of inflammatory pathways.

Keywords: adipose tissue; UCP1; PPAR modulators; obesity

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are important targets in metabolic
diseases including obesity, metabolic syndrome, diabetes, and non-alcoholic fatty liver
disease (NAFLD). PPARs are transcription factors that belong to the nuclear receptor
superfamily. In particular, the activation of PPARs was found to modulate various bio-
logical effects mainly related to inflammation [1,2], oxidative stress [3], and obesity [4].
In particular, PPARs are implicated in the control of inflammatory processes induced by
obesity, through their modulatory effects on the expression of proinflammatory cytokines
in adipose cells [5]. PPARs have also been found to modulate the acute phase response
in the liver as well as the mechanisms of inflammation in the vasculature [6,7]. There are
three subtypes of PPARs, designated as PPARα, γ, and β/δ, which exhibit different tissue
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expression profiles and modulate specific physiological functions [5]. In this regard, a
wide body of evidence suggests that PPARα plays a key role in reducing inflammation.
Accordingly, mice lacking PPARα showed a prolonged inflammatory response [8,9]. More-
over, elevated levels of inflammatory markers, including vascular cell adhesion molecule-1
(VCAM-1) and serum amyloid A (SAA), were found in both mouse endothelial cells (EC)
and hepatocytes lacking PPARα [10,11]. PPARγ was also shown to play a key role in the
control of the inflammatory response, especially in macrophages [12]. The excessive intake
of macronutrients stimulates the adipose tissue to release inflammatory mediators such as
tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6), and reduces the production of
adiponectin [13], leading to the development of a pro-inflammatory state and oxidative
stress [14,15]. On the other hand, recent studies have shown that obesity increases the
risk of developing various medical conditions, including type 2 diabetes, dyslipidemia,
cardiovascular diseases, and NAFLD [16–18]. In this context, PPARα is expressed at much
higher levels in brown, relative to white, fat cells and is known to be a validated marker
of brown fat cells. In addition, PPARα is involved in the activation of brown fat selective
genes, such as uncoupling protein-1 (UCP1) and PR-(PRD1-BF1-RIZ1 homologous) domain
containing 16 (PRDM16) [19,20].

Furthermore, PPARγ has also been shown to play a key role in inducible brown fat [21],
and the activation of the browning process could be a new strategy to fight obesity and
metabolic syndrome-related diseases. In this regard, PPARγ agonists were found to increase
the expression of thyroid hormone activating type 2 deiodinase (DIO2), another important
player in brown adipose tissue-mediated adaptive thermogenesis in animals [22].

Moreover, PPARγ has been recently suggested as a putative target for epilepsy treat-
ment [23]. PPARγ could also be involved in the modulation of the anticonvulsant effects of
EP-80317, a ghrelin receptor antagonist [24]. Finally, the antiseizure effects of cannabidiol
were associated with the upregulation of PPARγ in the hippocampal CA3 region [25].

However, PPARα and PPARγ agonist drugs are known to induce side effects, including
edema, weight gain, cancerogenic effects, heart failure, and renal fluid retention leading
to edema [26–30]. Moreover, thiazolidinediones were found to reduce bone formation
and stimulate bone loss in both healthy and insulin-resistant subjects [31]. These side
effects have strongly restricted the clinical use of these drugs, as well as having limited the
development of various PPAR ligands [32].

In previous work, we studied different PPAR agonists and antagonists in an in vitro
transactivation assay. Some of these compounds showed interesting activities, with EC50
or IC50 in the low micromolar range [33–36].

In particular, we investigated the effects of PPAR ligands containing a fibrate scaf-
fold [26], the PPAR agonists 1a (αEC50 1.0 µM) and 1b (γEC50 0.012 µM), and PPAR
antagonists 2a (αIC50 6.5 µM) and 2b (αIC50 0.98 µM, with a weak antagonist activity on γ

isoform) (Figure 1). Compounds 1a-b are stilbene derivatives, with stilbene bound to the
2,2-dimethylpentanoic chain, typical of gemfibrozil [33], or a tyrosine scaffold typical of the
potent and selective γ agonist GW409544 [37,38]. Compounds 2a-b are acylsulfonamide
derivatives containing a benzothiazole [39,40].

In the present study, we evaluated, by ex vivo and in vitro studies, the anti-inflammatory
and antioxidant effects of these novel PPAR ligands and their role in directly activating the
thermogenic program by differentiating WAT into BAT. Ligands 1a-b and 2a-b were tested
on isolated liver specimens treated with lipopolysaccharide (LPS), a validated ex vivo
experimental model of inflammation [41,42], and proinflammatory and oxidative stress
biomarkers, including prostaglandin (PG) E2, 8-iso-PGF2α, and lactate dehydrogenase
(LDH), were measured. In a second step, we evaluated the effects of these compounds on
the gene expression of adipose tissue markers of browning (UCP1, PRDM16, and DIO2), as
well as on PPARα and PPARγ in white adipocytes.



Pharmaceuticals 2023, 16, 346 3 of 16Pharmaceuticals 2023, 16, x FOR PEER REVIEW  3  of  16 
 

 

 

Figure 1. The chemical structures of PPAR agonists (1a‐b) and antagonists (2a‐b). 

In  the  present  study,  we  evaluated,  by  ex  vivo  and  in  vitro  studies,  the  anti‐

inflammatory  and  antioxidant  effects  of  these  novel  PPAR  ligands  and  their  role  in 

directly activating the thermogenic program by differentiating WAT into BAT. Ligands 

1a‐b and 2a‐b were  tested on  isolated  liver  specimens  treated with  lipopolysaccharide 

(LPS),  a  validated  ex  vivo  experimental  model  of  inflammation  [41,42],  and 

proinflammatory and oxidative stress biomarkers, including prostaglandin (PG) E2, 8‐iso‐

PGF2α, and lactate dehydrogenase (LDH), were measured. In a second step, we evaluated 

the  effects  of  these  compounds  on  the  gene  expression  of  adipose  tissue markers  of 

browning  (UCP1,  PRDM16,  and  DIO2),  as well  as  on  PPARα  and  PPARγ  in white 

adipocytes. 

2. Results and Discussion 

Initially, we evaluated the potential biocompatibility of the novel investigated PPAR 

ligands  (1a,  1b,  2a,  and  2b  (1  μM))  in  human  fibroblast  (HFF‐1)  cells.  The  in  vitro 

evaluations were  conducted  in  both  basal  and  LPS‐induced  inflammatory  conditions 

(Figures 2 and 3). The effects induced by the novel PPAR ligands were compared to those 

of WY‐14643 (PPARα agonist; 1 μM) and pioglitazone (PPARγ agonist; 1 μM), two well‐

known reference compounds. WY‐14643  (1 μM), pioglitazone  (1 μM), 1a  (1 μM), 1b  (1 

μM), 2a (1 μM), and 2b (1 μM), were well tolerated in human fibroblast (HFF‐1) cells, in 

both basal and LPS‐induced inflammatory conditions (Figures 2 and 3). 

On the basis of these results, the ex vivo experiments were carried out to evaluate the 

effects of compounds 1a‐b and 2a‐b in modulating LPS‐induced LDH, PGE2, and 8‐iso‐

PGF2α  production  in  isolated  liver  samples  from  adult  male  Sprague‐Dawley  rats, 

mimicking  the  inflammation  induced  by  a metabolic disease  [43].  In  this  context, we 

previously reported that isolated tissues that were ex vivo treated with LPS represent a 

validated experimental model  to determine  the modulatory activities of potential new 

drugs on inflammation and oxidative stress [44,45]. 

LDH is a well‐known marker of tissue damage [46]. In particular, LDH production 

in hepatocytes increased in acute liver failure [47]. Compared to LPS treated controls, both 

1a  and  1b decreased  the LPS‐induced LDH  activity,  showing hepatoprotective  effects 

(Figure  4).  In  particular,  1a was more  effective  in  decreasing  LDH  activity  than  the 

reference compound WY‐14643, at the same dose, (Figure 4). 

Moreover, the antagonists 2a‐b did not modify the LPS‐induced LDH activity at any 

of  the  tested  doses.  Our  findings  agree with  previous  studies  showing  that  PPARα 

agonists decreased  the LDH  levels  in hepatic  tissue  [48]. Furthermore,  increased LDH 

Figure 1. The chemical structures of PPAR agonists (1a-b) and antagonists (2a-b).

2. Results and Discussion

Initially, we evaluated the potential biocompatibility of the novel investigated PPAR lig-
ands (1a, 1b, 2a, and 2b (1 µM)) in human fibroblast (HFF-1) cells. The in vitro evaluations
were conducted in both basal and LPS-induced inflammatory conditions (Figures 2 and 3).
The effects induced by the novel PPAR ligands were compared to those of WY-14643
(PPARα agonist; 1 µM) and pioglitazone (PPARγ agonist; 1 µM), two well-known reference
compounds. WY-14643 (1 µM), pioglitazone (1 µM), 1a (1 µM), 1b (1 µM), 2a (1 µM),
and 2b (1 µM), were well tolerated in human fibroblast (HFF-1) cells, in both basal and
LPS-induced inflammatory conditions (Figures 2 and 3).
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Figure 2. An MTT assay of human fibroblast (HFF-1) cells treated with WY-14643 (1 µM), pioglitazone
(1 µM), 1a (1 µM), 1b (1 µM), 2a (1 µM), and 2b (1 µM), for 24 h, in basal conditions. Data were
reported as means ± SEM.

On the basis of these results, the ex vivo experiments were carried out to evaluate
the effects of compounds 1a-b and 2a-b in modulating LPS-induced LDH, PGE2, and
8-iso-PGF2α production in isolated liver samples from adult male Sprague-Dawley rats,
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mimicking the inflammation induced by a metabolic disease [43]. In this context, we
previously reported that isolated tissues that were ex vivo treated with LPS represent a
validated experimental model to determine the modulatory activities of potential new
drugs on inflammation and oxidative stress [44,45].
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Figure 3. An MTT assay of LPS-pretreated human fibroblast (HFF-1) cells, exposed to WY-14643
(1 µM), pioglitazone (1 µM), 1a (1 µM), 1b (1 µM), 2a (1 µM), and 2b (1 µM), for 24 h. Data were
reported as means ± SEM. The results were analyzed by analysis of variance (ANOVA) followed by
the Newman–Keuls post-hoc test. ANOVA, p < 0.01; * p < 0.05 vs. CTRL.

LDH is a well-known marker of tissue damage [46]. In particular, LDH production
in hepatocytes increased in acute liver failure [47]. Compared to LPS treated controls,
both 1a and 1b decreased the LPS-induced LDH activity, showing hepatoprotective effects
(Figure 4). In particular, 1a was more effective in decreasing LDH activity than the reference
compound WY-14643, at the same dose, (Figure 4).

Moreover, the antagonists 2a-b did not modify the LPS-induced LDH activity at
any of the tested doses. Our findings agree with previous studies showing that PPARα
agonists decreased the LDH levels in hepatic tissue [48]. Furthermore, increased LDH levels
were found in liver slices from mice with a targeted deletion of PPARγ in macrophages,
compared to control animals [49]. Contextually, we also found a significant reduction in
LPS-induced PGE2 levels after the 1a (0.1–10 µM) treatment (Figure 5).

In agreement with the present study, PPARα activation in liver samples has been
demonstrated to decrease hepatic inflammation induced by an acute exposure to cytokines
and other compounds [50]. The gene expression of pro-inflammatory markers, including
cyclooxygenase (COX)-2, was also suppressed by PPARα agonists, in response to cytokine
activation [6]. Schaefer and collaborators (2008) also showed that WY14643 inhibited the
LPS-induced production of a number of pro-inflammatory mediators, including PGE2, and
TNF-α, further confirming the beneficial effects induced by PPARα activation on tissue
damage [51].

On the other hand, 1b does not affect LPS-induced PGE2 production after treatment at
any of the selected concentrations (Figure 5). Our findings agree with those of Yoon and
collaborators (2007) showing that 15d-PGJ2, a natural ligand of PPARγ, does not reduce
COX-2 gene expression and PGE2 production in rabbit articular chondrocytes [52]. Similarly,
2a and 2b did not decrease LPS-induced PGE2 production in liver tissues (Figure 5).
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results were analyzed by analysis of variance (ANOVA) followed by the Newman–Keuls post-hoc
test. ANOVA, p < 0.0001; post-hoc *** p < 0.001 vs. LPS-treated group; # p < 0.05 vs. LPS + WY-14643.
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Figure 5. The effects of WY-14643 (1 µM), pioglitazone (1 µM), and 1a-b and 2a-b (0.1–10 µM), on the
LPS-induced production of PGE2 (pg/mg) in rat liver, ex vivo. Data were reported as means ± SEM.
The results were analyzed by analysis of variance (ANOVA) followed by the Newman–Keuls post-hoc
test. ANOVA, p < 0.0001; post-hoc *** p < 0.001 vs. LPS-treated group; # p < 0.05 vs. LPS + WY-14643.

Subsequently, we studied the potential effects of the novel PPAR ligands on oxida-
tive stress.

Oxidative stress describes the cellular damage caused by excess reactive oxygen
species not adequately scavenged by antioxidants. Oxidative stress has been implicated
in the development of many disorders. In this regard, the lipid peroxidation end product
8-iso-PGF2α has been extensively studied as a marker of oxidative stress [53]. Therefore,
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following the same experimental protocol as above, we tested the effects of the new
compounds on 8-iso-PGF2α production. The PPARα agonist 1a (0.1–10 µM) decreased the
LPS-stimulated 8-iso-PGF2α levels (Figure 6). Similarly, 1b and 2a-b did not exert any effect
on LPS-induced 8-iso-PGF2α production in liver tissues (Figure 6). Our findings showed
the selective PPARα agonist 1a as the most promising compound involved in the regulation
of inflammatory and lipid peroxidation pathways.
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Figure 6. The effects of WY-14643 (1 µM), pioglitazone (1 µM), and 1a-b and 2a-b (0.1–10 µM),
on the LPS-induced production of 8-iso-PGF2α (pg/mg) in rat liver, ex vivo. Data were reported
as means ± SEM. The results were analyzed by analysis of variance (ANOVA) followed by the
Newman–Keuls post-hoc test. ANOVA, p < 0.0001; post-hoc *** p < 0.001 vs. LPS-treated group.

Accordingly, PPARα has been implicated in modulating the activity of superoxide
dismutase (SOD) and oxidative stress, as confirmed by the up-regulation of antioxidant
enzymes such as mitochondrial SOD2 induced by PPARα activation [54]. In addition,
PPARα hypothetically protects against oxidative damage in hepatocytes, developed during
starvation [55], further confirming its role in modulating oxidative stress.

In addition to their role in regulating inflammatory processes, PPARs are also studied
as markers of the brown adipose tissue phenotype [19]. In mammals, WAT is the largest
energy reserve, while BAT has a high mitochondrial content and is known to play a key
role in thermogenesis via UCP1 [13,56,57]. Variations in BAT activity could contribute to
differences in energy expenditure in young and adult humans [58].

PRDM16 is a 140 kDa transcriptional co-regulator selectively expressed in brown or
beige, with respect to white, adipocytes. Importantly, PRDM16 plays a critical role in
modulating the differentiation-linked brown fat gene program [59,60]. Previous studies
showed that the loss of PRDM16 in brown fat preadipocytes causes a loss of brown fat
characteristics and induces muscle differentiation. Conversely, the ectopic expression
of PRDM16 in myoblasts has stimulated brown adipogenesis [61]. The interaction with
multiple DNA-binding transcriptional factors, including PPARs, is critically involved in the
stimulation of brown adipogenesis induced by PRDM16 [61]. DIO2 is an enzyme playing a
key role in the modulation of thyroid hormone signaling and the activation of BAT. DIO2 is
also implicated as one of the major players in WAT browning [62]. Therefore, we evaluated
the role of the novel PPAR ligands in the thermogenic activation of brown fat. The gene
expression of adipose tissue markers of browning (UCP1, PRDM16, and DIO2), as well as
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PPARγ and PPARα, was evaluated after the treatment of 3T3-L1 cells, derived from 3T3
mouse cells, with testing compounds.

As shown in Figure 7, compared to control, the gene expression of UCP1 (panel A),
DIO2 (panel B), and PRDM16 (panel C) were significantly enhanced, in a dose-dependent
manner, when white adipocytes were incubated with 1a at all tested doses, with the most
effective dose at 10 µM. Similarly, treatment with 1b caused a significant increase in the
gene expression of UCP1 and DIO2 (Figure 7A,C) at both the 1 and 10 µM doses, with
the most effective dose at 10 µM, whereas it did not change the expression of PRDM16
(Figure 7B).

Ligands 2a-b caused a significant decrease in the gene expression of UCP1, PRDM16,
and DIO2 (Figure 7A–C) when tested at 10 µM. Our present findings confirm previous stud-
ies showing that the expression of UCP1, DIO2, and PRDM16 were increased by GW7647,
another PPARα agonist, in human white adipocytes [19]. Furthermore, treatment with
PPARγ agonists has been shown to increase the UCP1 expression in various WAT depots,
in mice [63]. UCP1 gene up-regulation is also associated with adipogenic differentiation via
PPARγ or with the fatty acid oxidation required for active thermogenesis via PPARα [20].
Both PPARα and PPARγ can modulate the expression of UCP1 and both receptors are
important regulators of energy balance [64]. Moreover, PRDM16 was reported to induce
the thermogenic program in the subcutaneous WAT of rodents [65], and PPARα is a direct
activator of PRDM16 production [19].

Furthermore, we evaluated PPAR gene expression, as reported in Figure 8.
Compared to the control, 1a significantly increased PPARα gene expression, with

a maximum effect at 10 µM (Figure 8A). 1a also stimulated PPARγ gene expression
(Figure 8B), uncorrelated with the dose range, compared to the control. These results
confirm a selectivity for PPARα/γ of 1.4, as calculated for this compound and previously
reported [33]. Similarly, compared to control, we found a significant increase in PPARγ
gene expression (Figure 8B) after 1b treatment in white adipocytes, at all tested doses.
These results, together with the absence of PPARα gene expression, is in accordance with
the previously reported data for this γ-selective agonist [37].
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Figure 7. The effects of 1a-b and 2a-b (0.1–10 µM), on UCP1 (A), PRDM16 (B), and DIO2 (C), gene
expression in white adipocytes. Data were reported as means ± SEM. The results were analyzed by
analysis of variance (ANOVA) followed by the Newman–Keuls post-hoc test. ANOVA, p < 0.0001;
post-hoc *** p < 0.001 vs. control group; 6= p < 0.05 vs. 1a (0.1,1 µM); 6= p < 0.05 vs. 1b (0.1,1 µM).
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Figure 8. The effects of 1a−b and 2a−b (0.1–10 μM), on PPARγ (A) and PPARα (B) gene expression 
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Figure 8. The effects of 1a-b and 2a-b (0.1–10 µM), on PPARγ (A) and PPARα (B) gene expression
in white adipocytes. Data are reported as means ± SEM. The results were analyzed by analysis
of variance (ANOVA) followed by the Newman–Keuls post-hoc test. ANOVA, p < 0.0001; post-
hoc ** p < 0.01, *** p < 0.001 vs. control group; 6= p < 0.05 vs. 1a (0.1–1 µM).

On the other hand, compared to the control, 2a-b significantly decreased PPARα
gene expression (Figure 8A), in the dose range 0.1–10 µM, and 2b decreased PPARγ gene
expression in a dose dependent manner (Figure 8B).
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3. Materials and Methods
3.1. Chemistry

All selected compounds (1a-b and 2a-b) were synthesized in the Laboratories of
Medicinal Chemistry of the Department of Pharmacy, “G. d’Annunzio” University, Chieti,
Italy, following procedures reported in the literature [33,34,37,40]. Melting points were
determined with a Buchi Melting Point B-450 and were uncorrected. NMR spectra were
recorded on a Varian Mercury 300 spectrometer with 1H at 300.060 MHz and 13C at
75.475 MHz. Proton chemical shifts were referenced to the TMS internal standard. Chemical
shifts are reported in parts per million (ppm, δ units). Coupling constants are reported in
units of Hertz (Hz). Splitting patterns are designed as: s, singlet; d, doublet; t, triplet; q,
quartet; dd, double doublet; m, multiplet; and b, broad. Infrared spectra were recorded on
a FT-IR 1600 Perkin Elmer. All commercial deuterated solvents for spectra were reagent
grade and were purchased from Sigma Aldrich. The following deuterated solvents have
been abbreviated: dimethyl sulfoxide (DMSO) and chloroform (CDCl3).

The chemical physical properties of the studied PPARs ligands are described as follows:
1a. 5-{4-[(E)-2-(4-chlorophenyl)ethenyl]phenoxy}-2,2-dimethylpentanoic acid. White

solid, mp 193–194 ◦C. 1HNMR (CDCl3) δ 1.95 (s, 6H, CH3), 1.63–1.77 (m, 4H, CH2CH2),
3.94 (t, 2H, CH2), 6.93 (q, 2H, CH=CH), 6.84 (d, 2H, CHAr), 7.27 (d, 2H, CHAr), 7.36–7.41
(m, 4H, CHAr); 13C NMR (CDCl3) δ 25.25 (CH2), 25.44 (CH3), 37.2 (CH2), 42.4 (C), 68.35
(CH2), 114.9 (CAr), 125.4 (CH=CH), 127.6 (CAr), 127.99 (CH=CH), 129.0 (CAr), 129.07 (CAr),
129.8 (CAr), 132.8 (CAr), 136.4 (CAr), 159.1 (CArO), 178.1 (CO); IR (neat) 3430, 3023, 2950,
1693, 1605, 1511 cm−1 [33];

1b. 2-(((E)-4-Oxo-4-phenylbut-2-en-2-yl)amino)-3-(4-(3-(4-((E)-4-chloro styryl)phenoxy)
propoxy)phenyl)propanoic acid. Amorphous yellow solid, mp 137–139 ◦C dec. 1H NMR
(DMSO) δ 1.60 (s, 3H, CH3), 2.11 (qnt, 2H, OCH2CH2CH2O, J = 6.0 Hz); 2.66 (dd, 1H,
PhCHH, J = 13.8 Hz, J = 8.7 Hz), 3.07 (dd, 1H, PhCHH, J = 13.8 Hz, J = 3.6 Hz), 3.83–3.90 (m,
1H, CHN), 4.05 (t, 2H, OCH2(CH2)2O, J = 6.0 Hz), 4.11 (t, 2H, O(CH2)2CH2O, J = 6.0 Hz),
5.47 (s, 1H, =CHCO), 6.79 (d, 2H, CHAr, J = 9.0 Hz); 6.93 (d, 2H, CHAr, J = 9.0 Hz), 7.03–7.21
(m, 4H, CHAr, PhCH=CH), 7.34–7.39 (m, 5H, CHAr), 7.48 (d, 2H, CHAr, J = 8.7 Hz), 7.55
(d, 2H, CHAr, J = 8.7 Hz), 7.73–7.77 (m, 2H, CHAr), 11.35 (d, 1H, NH, J = 9.0 hz); 13C NMR
(DMSO) δ 19.86, 27.01, 37.06, 62.03, 64.68, 64.99, 90.98, 114.73, 115.39, 127.11, 128.49, 128.61,
128.72, 129.16, 129.34, 129.61, 130.10, 131.25, 132.06, 137.07, 140.78, 141.33, 157.48, 159.05,
172.121, 184.65; IR (KBr) 3397, 2924, 2849, 1602, 1536, 1405, 1246, 831 cm−1 [37];

2a. 2-[(5-Chloro-1,3-benzothiazol-2-yl)thio]-2-phenyl-N-(phenylsulfonyl)acetamide.
White solid, mp 140–142 ◦C. 1H NMR (CDCl3) δ 5.43 (s, 1H, CHS), 7.33–7.60 (m, 8H, CHAr),
7.67 (d, 1H, J = 8.4 Hz, CHAr), 7.78 (d, 1H, J = 1.8 Hz, CHAr), 7.91–7.97 (m, 3H, CHAr), 11.05
(bs, 1H, NH); 13C NMR (CDCl3) δ 54.6 (CHS), 121.8, 122.1, 126.0, 126.6, 128.5, 129.0, 129.1
and 129.3 (CHAr), 132.2, 133.0 and 133.5 (CAr), 134.1 (CHAr), 138.3, 152.6 and 166.7 (CAr),
167.9 (C=O). IR (KBr) 3256, 1709, 1449, 1422, 1363, 1183 cm−1 [34];

2b. 2-[(5-chloro-1,3-benzothiazol-2-yl)thio]-N-({4-[(phenylacetyl)amino]phenyl}sulfonyl)
pentanamide. Colourless solid, m.p. 202–204 ◦C (dec); 1H NMR (DMSO) δ 0.82 (t, 3H,
J = 7.2 Hz, CH3CH2), 1.19–1.35 (m, 2H, CH2CH3), 1.72–1.85 (m, 2H, CH2CH), 3.65 (s, 2H,
CH2), 4.49 (t, 1H, J = 7.2 Hz, CHS), 7.22–7.36 (m, 6H, CHAr), 7.65 (d, 1H, J = 2.1 Hz, CHAr),
7.71 (d, 2H, J = 9.0 Hz, CHAr), 7.82 (d, 2H, J = 9.0 Hz, CHAr), 7.96 (d, 1H, J = 8.4 Hz, CHAr),
10.55 (bs, 1H, NH), 12.56 (bs, 1H, NHAr); 13C NMR (DMSO) δ 14.0, 20.2, 33.9, 43.9, 51.6, 119.0,
121.2, 123.9, 125.4, 127.3, 129.0, 129.6, 129.8, 131.8, 133.0, 134.2, 136.1, 144.5, 153.7, 166.7, 169.4,
170.5. IR (KBr) 3310, 3267, 1706, 1671, 1540, 1403, 1363, 1173 cm−1 [40].

3.2. Cell Viability Assay

The cell viability was evaluated by MTT assay [3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide] (Sigma, St. Louis, MO, USA) as previously described [66]. Briefly,
HFF-1 cell lines were seeded in 96-well plates (5 × 103 cells/well) and pretreated with
10 µg/mL lipopolysaccharide (LPS) for 24 h. Subsequently, both LPS-pretreated and non-
LPS-pretreated HFF-1 cells were subjected to the PPARα agonist WY-14643 (1 µM), PPARγ



Pharmaceuticals 2023, 16, 346 11 of 16

agonist pioglitazone (1 µM), 1a (1 µM), 1b (1 µM), 2a (1 µM), and 2b (1 µM), or treated with
a vehicle (control) for a further 24 h. After treatment, the MTT solution was added to each
well and incubated at 37 ◦C for at least 3 h, until purple formazan crystals were formed. In
order to dissolve the precipitate, the culture medium was replaced with dimethyl sulfoxide
(DMSO, Euroclone). Absorbance of each well was quantified at 540 and 690 nm, using a
Synergy H1 microplate reader (BioTek Instruments Inc., Winooski, VT, USA).

3.3. Ex Vivo Studies

Male adult Sprague–Dawley rats (200–250 g) were housed in Plexiglass cages
(40 cm × 25 cm × 15 cm), with two rats per cage, in climatized colony rooms (22 ± 1 ◦C;
60% humidity), on a 12 h/12 h light/dark cycle (light phase: 07:00–19:00 h), with free
access to tap water and food for 24 h/day throughout the study and no fasting periods.
Rats were fed a standard laboratory diet (3.5% fat, 63% carbohydrate, 14% protein, and
19.5% other components without caloric value; 3.20 kcal/g). The housing conditions and
experimentation procedures were strictly in agreement with the European Community
ethical regulations (EU Directive no. 26/2014) on the care of animals for scientific research.
In agreement with the recognized principles of “Replacement, Refinement and Reduction
of Animals in Research”, liver specimens (n = 5 for each treatment group) were obtained
as residual material from vehicle-treated rats randomized in our previous experiments
approved by the local ethical committee (‘G. d’Annunzio’ University, Chieti-Pescara) and
Italian Health Ministry (Project no. 885/2018-PR).

Rats were sacrificed by CO2 inhalation (100% CO2 at a flow rate of 20% of the chamber
volume per min) and liver specimens were immediately collected and maintained in a
humidified incubator with 5% CO2 at 37 ◦C for 4 h, in a RPMI buffer with added bacterial
LPS (10 µg/mL) (incubation period), as previously reported [41].

During the incubation period, tissues were treated with the PPARα agonist WY-
14643 (1 µM), and the PPARγ agonist pioglitazone (1 µM), and scalar concentrations
of 1a-b and 2a-b (0.1–10 µM). Tissue supernatants were collected, and PGE2 and 8-iso-
PGF2α levels (ng/mg wet tissue) were measured by radioimmunoassay (RIA), as previ-
ously reported [67,68]. Briefly, specific anti-8-iso-PGF2α and anti-PGE2 were developed
in the rabbit; the cross-reactivity against other prostanoids is <0.3%. One hundred mi-
croliters of prostaglandin standard or sample were incubated overnight at 4 ◦C with the
3H-prostaglandin (3000 cpm/tube; NEN) and antibody (final dilution: 1:120,000; kindly
provided by Prof. G. Ciabattoni), in a volume of 1.5 mL of 0.025 M phosphate buffer.
Free and antibody-bound prostaglandins were separated by the addition of 100 µL 5%
bovine serum albumin and 100 µL 3% charcoal suspension, followed by centrifuging for
10 min at 4000× g at 5 ◦C and decanting the supernatants into scintillation fluid (Ultima
Gold™, Perkin Elmer, Waltham, MA, USA) for β emission counting. The detection limit
of the assay method is 0.6 pg/mL. Additionally, tissue supernatants were assayed for
LDH activity [44]. LDH activity was measured by evaluating the consumption of NADH
in 20 mM HEPES-K+ (pH 7.2), 0.05% bovine serum albumin, 20 µM NADH, and 2 mM
pyruvate using a microplate reader (excitation 340 nm, emission 460 nm) according to
the manufacturer’s protocol (Sigma-Aldrich, St. Louis, MO, USA). The LDH activity was
measured by evaluating the consumption of NADH in 20 mM HEPES-K+ (pH 7.2), 0.05%
bovine serum albumin, 20 µM NADH, and 2 mM pyruvate using a microplate reader
(excitation 340 nm, emission 460 nm) according to manufacturer’s protocol.

3.4. Adipocyte Culture

The 3T3-L1 cells, derived from 3T3 mouse cells, were used for the in vitro study.
3T3-L1 cells have a fibroblast-like morphology, but, under appropriate conditions, the
cells differentiate into an adipocyte-like phenotype. Mouse 3T3-L1 preadipocytes were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin-streptomycin (Sigma–Aldrich, Milan, Italy) at
37 ◦C in a humidified atmosphere containing 5% CO2. Upon reaching confluence, the cells
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were maintained in M-1 containing glutamine (4.0 mM), sodium pyruvate (1 mM), and 10%
of FBS for 1 to 2 additional days. This medium was replaced by M-2 containing M-1, insulin
(1.5 µg/mL), 3-isobutyl-1-methylxanthine (IBMX) (0.5 mM), and dexamethasone (1.0 µM),
for inducing adipocyte differentiation. The cells were cultured for 2 days to achieve an
adipose-like phenotype. After 2 days, M-2 was replaced by M-3 containing only insulin
(1.5 µg/mL), necessary for the maintenance of an adipocyte phenotype. M-3 was replaced
every 2 days for 8 days; at day 8 adipocytes were treated with scalar concentrations of 1a-b
and 2a-b (0.1–10 µM) for 24 h.

3.5. PCR Assay

Total mRNA was extracted from adipocytes using the Trizol LS reagent (Invitrogen,
Carlsbad, CA, United States), according to the manufacturer’s protocol. Total RNA was
quantified with a spectrophotometer (NanoDrop Lite, Thermo Fisher, Waltham, MA, USA)
and 1 µg was reverse transcribed using the SuperScript™ IV Reverse Transcriptase (Invitro-
gen, Carlsbad, CA, USA) and random primers, following the manufacturer’s protocol in a
volume of 20 µL. First-strand DNA (1 µL) was added to the BrightGreen qPCR Master Mix
(Applied Biological Materials Inc, Richmond, BC, Canada) in a total volume of 20 µL per
well to evaluate the gene expression of the target genes: UCP1, PRDM16, DIO2, PPARα,
and PPARγ using specific mouse primers. For UCP1 the following primers were used:
forward (ATGGTGAACCCGACAACTTC) and reverse (CAGCGGGAAGGTGATGATA).
For PRDM16 the following primers were used: forward (CGAGGAGGAGACCGAAGAC)
and reverse (GAAGTCTGGTGGGATTGGAA). For DIO2 the following primers were used:
forward (ATGGGACTCCTCAGCGTAGA) and reverse (GGAGGAAGCTGTTCCAGACA).
For DIO2 the following primers were used: forward (ATGGGACTCCTCAGCGTAGA) and
reverse (GGAGGAAGCTGTTCCAGACA). For PPARα the following primers were used:
forward (TCTGTCCTCTCTCCCCACTG) and reverse (CCCGGACAGCTTCCTAAGTA).
For PPARγ the following primers were used: forward (CCAACTTCGGAATCAGCTCT)
and reverse (CAACCATTGGGTCAGCTCTT). The samples were loaded in duplicate and
GADPH was used as housekeeping gene [for GAPDH the following primers were used:
forward (GTCAAGGCTGAGAATGGGAA) and reverse (ATACTCAGCACCAGCATCAC);
the reaction was performed using the 2-step thermal protocol suggested by the manufac-
turer (Applied Biosystems, Foster City, CA, USA). The results were quantified using the
2−∆∆Ct method and expressed as an n-fold increase in gene expression using untreated
white adipocytes as the calibrator.

3.6. Statistical Analysis

The statistical analysis was performed using GraphPad Prism version 5.01 for Win-
dows (GraphPad Software, San Diego, CA, USA). Means ± S.E.M. were determined for
each experimental group and analyzed by a one-way analysis of variance (ANOVA), fol-
lowed by the Newman–Keuls comparison multiple test. Statistical significance was set at
p < 0.05.

4. Conclusions

In conclusion, the novel PPARα agonist 1a might be a promising lead compound
and represents a valuable pharmacological tool for further assessment, opening new per-
spectives on PPARα as a molecular target to afford anti-inflammatory, antioxidant, and
thermogenic effects. On the other hand, the PPARγ agonist 1b could play a minor role in
the regulation of inflammatory pathways. A main limitation of our study is that we have
not evaluated PPAR antagonists as reference compounds. Further studies are needed to
accurately evaluate the in vivo activities of these compounds.

Author Contributions: Conceptualization, L.R., B.D.F., M.L.L., A.C. (Annalisa Chiavaroli) and S.L.;
methodology, L.R., B.D.F., M.L.L., A.C. (Annalisa Chiavaroli), S.V., A.C. (Alessandro Cama) and
S.L.; software, G.O., C.F. and A.B.; validation, L.B., A.A., L.G., F.M., I.G., A.B. and R.A.; formal
analysis, B.D.F., M.L.L., G.O. and C.F.; investigation, L.R., M.L.L., A.C. (Annalisa Chiavaroli), B.D.F.,



Pharmaceuticals 2023, 16, 346 13 of 16

A.A., L.G., F.M., I.G., A.B., S.V., A.C. (Alessandro Cama) and S.L.; resources, L.R., M.L.L., A.C.
(Annalisa Chiavaroli) and S.L.; data curation, L.R., M.L.L., A.C. (Annalisa Chiavaroli), B.D.F. and
S.L.; writing—original draft preparation, L.R., B.D.F., M.L.L., A.C. (Annalisa Chiavaroli) and S.L.;
writing—review and editing, L.R., B.D.F., M.L.L., A.A., A.C. (Annalisa Chiavaroli), L.G. and S.L.;
visualization, G.O., C.F., A.B. and R.A.; supervision, L.R., B.D.F., A.C. (Annalisa Chiavaroli) and S.L.;
project administration, L.R., B.D.F., M.L.L., A.C. (Annalisa Chiavaroli) and S.L.; funding acquisition,
L.R. and S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Italian Ministry of University (FFABR 2017 to
S. Leone) and by funds from the University “G. D’Annunzio” of Chieti-Pescara, Italy (FAR 2019 to
L. Recinella, FAR 2019 to S. Leone).

Institutional Review Board Statement: Housing conditions and experimentation procedures were
strictly in agreement with the European Community ethical regulations (EU Directive no. 26/2014)
on the care of animals for scientific research. In agreement with the recognized principles of “Re-
placement, Refinement and Reduction of Animals in Research”, liver specimens were obtained as
residual material from vehicle-treated rats randomized in our previous experiments approved by
local ethical committee (‘G. d’Annunzio’ University, Chieti-Pescara) and Italian Health Ministry
(Project no. 885/2018-PR).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Delerive, P.; Fruchart, J.C.; Staels, B. Peroxisome proliferator-activated receptors in inflammation control. J. Endocrinol. 2001, 169,

453–459. [CrossRef] [PubMed]
2. Moraes, L.A.; Piqueras, L.; Bishop-Bailey, D. Peroxisome proliferator-activated receptors and inflammation. Pharmacol. Ther. 2006,

110, 371–385. [CrossRef] [PubMed]
3. Kim, T.; Yang, Q. Peroxisome-proliferator-activated receptors regulate redox signaling in the cardiovascular system. World J.

Cardiol. 2013, 5, 164–174. [CrossRef] [PubMed]
4. Laganà, A.S.; Vitale, S.G.; Nigro, A.; Sofo, V.; Salmeri, F.M.; Rossetti, P.; Rapisarda, A.M.C.; La Vignera, S.; Condorelli, R.A.;

Rizzo, G.; et al. Pleiotropic actions of peroxisome proliferator-activated receptors (PPARs) in dysregulated metabolic homeostasis,
inflammation and cancer: Current evidence and future perspectives. Int. J. Mol. Sci. 2016, 17, 999. [CrossRef] [PubMed]

5. Li, T.T.; Tan, T.B.; Hou, H.Q.; Zhao, X.Y. Changes in peroxisome proliferatoractivated receptor alpha target gene expression in
peripheral blood mononuclear cells associated with non-alcoholic fatty liver disease. Lipids Health Dis. 2018, 17, 256. [CrossRef]
[PubMed]

6. Delerive, P.; De Bosscher, K.; Besnard, S.; Vanden Berghe, W.; Peters, J.M.; Gonzalez, F.J.; Fruchart, J.C.; Tedgui, A.; Haegeman, G.;
Staels, B. Peroxisome proliferators-activated receptor alpha negatively regulates the vascular inflammatory gene response by
negative cross-talk with transcription factors NF-kappaB and AP-1. J. Biol. Chem. 1999, 274, 32048–32054. [CrossRef]

7. Staels, B.; Koenig, W.; Habib, A.; Merval, R.; Lebret, M.; Torra, I.P.; Delerive, P.; Fadel, A.; Chinetti, G.; Fruchart, J.C.; et al.
Activation of human aortic smooth-muscle cells is inhibited by PPARalpha but not by PPARgamma activators. Nature. 1998, 393,
790–793. [CrossRef]

8. Devchand, P.R.; Keller, H.; Peters, J.M.; Vazquez, M.; Gonzalez, F.J.; Wahli, W. The PPARalpha-leukotriene B4 pathway to
inflammation control. Nature. 1996, 384, 39–43. [CrossRef]

9. Cuzzocrea, S.; Di Paola, R.; Mazzon, E.; Genovese, T.; Muià, C.; Centorrino, T.; Caputi, A.P. Role of endogenous and exogenous
ligands for the peroxisome proliferators activated receptors alpha (PPAR-alpha) in the development of inflammatory bowel
disease in mice. Lab. Investig. 2004, 84, 1643–1654. [CrossRef]

10. Ziouzenkova, O.; Perrey, S.; Asatryan, L.; Hwang, J.; MacNaul, K.L.; Moller, D.E.; Rader, D.J.; Sevanian, A.; Zechner, R.; Hoefler,
G.; et al. Lipolysis of triglyceride-rich lipoproteins generates PPAR ligands: Evidence for an antiinflammatory role for lipoprotein
lipase. Proc. Natl. Acad. Sci. USA 2003, 100, 2730–2735. [CrossRef]

11. Han, C.Y.; Chiba, T.; Campbell, J.S.; Fausto, N.; Chaisson, M.; Orasanu, G.; Plutzky, J.; Chait, A. Reciprocal and coordinate
regulation of serum amyloid A versus apolipoprotein A-I and paraoxonase-1 by inflammation in murine hepatocytes. Arterioscler.
Thromb. Vasc. Biol. 2006, 26, 1806–1813. [CrossRef] [PubMed]

12. Stienstra, R.; Duval, C.; Müller, M.; Kersten, S. PPARs, Obesity, and Inflammation. PPAR Res. 2007, 2007, 95974. [CrossRef]
[PubMed]

13. Vazquez-Vela, M.E.; Torres, N.; Tovar, A.R. White adipose tissue as endocrine organ and its role in obesity. Arch. Med. Res. 2008,
39, 715–728. [CrossRef] [PubMed]

14. Giordano, A.; Frontini, A.; Cinti, S. Convertible visceral fat as a therapeutic target to curb obesity. Nat. Rev. Drug Discov. 2016, 15,
405–424. [CrossRef]

15. Olefsky, J.M.; Glass, C.K. Macrophages, inflammation, and insulin resistance. Annu. Rev. Physiol. 2010, 72, 219–246. [CrossRef]

http://doi.org/10.1677/joe.0.1690453
http://www.ncbi.nlm.nih.gov/pubmed/11375115
http://doi.org/10.1016/j.pharmthera.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16168490
http://doi.org/10.4330/wjc.v5.i6.164
http://www.ncbi.nlm.nih.gov/pubmed/23802046
http://doi.org/10.3390/ijms17070999
http://www.ncbi.nlm.nih.gov/pubmed/27347932
http://doi.org/10.1186/s12944-018-0901-7
http://www.ncbi.nlm.nih.gov/pubmed/30428868
http://doi.org/10.1074/jbc.274.45.32048
http://doi.org/10.1038/31701
http://doi.org/10.1038/384039a0
http://doi.org/10.1038/labinvest.3700185
http://doi.org/10.1073/pnas.0538015100
http://doi.org/10.1161/01.ATV.0000227472.70734.ad
http://www.ncbi.nlm.nih.gov/pubmed/16709944
http://doi.org/10.1155/2007/95974
http://www.ncbi.nlm.nih.gov/pubmed/17389767
http://doi.org/10.1016/j.arcmed.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18996284
http://doi.org/10.1038/nrd.2016.31
http://doi.org/10.1146/annurev-physiol-021909-135846


Pharmaceuticals 2023, 16, 346 14 of 16

16. Razina, A.O.; Runenko, S.D.; Achkasov, E.E. Obesity: Current global and russian trends. Vestn. Ross. Akad. Med. Nauk. 2016, 2,
154–159. [CrossRef]
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23. Senn, L.; Costa, A.M.; Avallone, R.; Socała, K.; Wlaź, P.; Biagini, G. Is the peroxisome proliferator-activated receptor gamma a
putative target for epilepsy treatment? Current evidence and future perspectives. Pharmacol. Ther. 2023, 241, 108316. [CrossRef]

24. Lucchi, C.; Costa, A.M.; Giordano, C.; Curia, G.; Piat, M.; Leo, G.; Vinet, J.; Brunel, L.; Fehrentz, J.A.; Martinez, J.; et al. Involvement
of PPARγ in the Anticonvulsant Activity of EP-80317, a Ghrelin Receptor Antagonist. Front. Pharmacol. 2017, 8, 676. [CrossRef]
[PubMed]

25. Costa, A.M.; Russo, F.; Senn, L.; Ibatici, D.; Cannazza, G.; Biagini, G. Antiseizure Effects of Cannabidiol Leading to Increased
Peroxisome Proliferator-Activated Receptor Gamma Levels in the Hippocampal CA3 Subfield of Epileptic Rats. Pharmaceuticals
2022, 15, 495. [CrossRef]

26. Patel, C.; Wyne, K.L.; McGuire, D.K. Thiazolidinediones, peripheral oedema and congestive heart failure: What is the evidence?
Diab. Vasc. Dis. Res. 2005, 2, 61–66. [CrossRef]

27. Peraza, M.A.; Burdick, A.D.; Marin, H.E.; Gonzalez, F.J.; Peters, J.M. The toxicology of ligands for peroxisome proliferator-
activated receptors (PPAR). Toxicol. Sci. 2006, 90, 269–295. [CrossRef]

28. Tang, W.H.; Maroo, A. PPARgamma agonists: Safety issues in heart failure. Diabetes Obes. Metab. 2007, 9, 447–454. [CrossRef]
29. Shearer, B.G.; Billin, A.N. The next generation of PPAR drugs: Do we have the tools to find them? Biochim. Biophys. Acta 2007,

1771, 1082–1093. [CrossRef]
30. He, H.; Tao, H.; Xiong, H.; Duan, S.Z.; McGowan, F.X., Jr.; Mortensen, R.M.; Balschi, J.A. Rosiglitazone causes cardiotoxicity via

peroxisome proliferatoractivated receptor gamma-independent mitochondrial oxidative stress in mouse hearts. Toxicol. Sci. 2014,
138, 468–481. [CrossRef]

31. Hong, F.; Xu, P.; Zhai, Y. The Opportunities and Challenges of Peroxisome Proliferator-Activated Receptors Ligands in Clinical
Drug Discovery and Development. Int. J. Mol. Sci. 2018, 19, 2189. [CrossRef]

32. Frkic, R.L.; Marshall, A.C.; Blayo, A.L.; Pukala, T.L.; Kamenecka, T.M.; Griffin, P.R.; Bruning, J.B. PPARγ in Complex with an
Antagonist and Inverse Agonist: A Tumble and Trap Mechanism of the Activation Helix. iScience 2018, 5, 69–79. [CrossRef]
[PubMed]

33. De Filippis, B.; Giancristofaro, A.; Ammazzalorso, A.; D’Angelo, A.; Fantacuzzi, M.; Giampietro, L.; Maccallini, C.; Petruzzelli, M.;
Amoroso, R. Discovery of gemfibrozil analogues that activate PPARα and enhance the expression of gene CPT1A involved in
fatty acid catabolism. Eur. J. Med. Chem. 2011, 46, 5218–5224. [CrossRef] [PubMed]

34. Ammazzalorso, A.; Giancristofaro, A.; D’Angelo, A.; De Filippis, B.; Fantacuzzi, M.; Giampietro, L.; Maccallini, C.; Amoroso,
R. Benzothiazole-based N-(phenylsulfonyl)amides as a novel family of PPARα antagonists. Bioorg. Med. Chem. Lett. 2011, 21,
4869–4872. [CrossRef] [PubMed]

35. Giampietro, L.; D’Angelo, A.; Giancristofaro, A.; Ammazzalorso, A.; De Filippis, B.; Fantacuzzi, M.; Linciano, P.; Maccallini, C.;
Amoroso, R. Synthesis and structure–activity relationships of fibrate-based analogues inside PPARs. Bioorg. Med. Chem. Lett.
2012, 22, 7662–7666. [CrossRef]

36. Giampietro, L.; Ammazzalorso, A.; Amoroso, R.; De Filippis, B. Development of fibrates as important scaffold in medicinal
chemistry. Chem. Med. Chem. 2019, 14, 1051–1066. [CrossRef]

37. De Filippis, B.; Linciano, P.; Ammazzalorso, A.; Di Giovanni, C.; Fantacuzzi, M.; Giampietro, L.; Laghezza, A.; Maccallini, C.;
Tortorella, P.; Lavecchia, A.; et al. Structural development studies of PPARs ligands based on tyrosine scaffold. Eur. J. Med. Chem.
2015, 89, 817–825. [CrossRef]

38. Xu, H.E.; Lambert, M.H.; Montana, V.G.; Plunket, K.D.; Moore, L.B.; Collins, J.L.; Oplinger, J.A.; Kliewer, S.A.; Gampe, R.T., Jr.;
McKee, D.D.; et al. Structural determinants of ligand binding selectivity between the peroxisome proliferator-activated receptors.
Proc. Natl. Acad. Sci. USA 2001, 98, 13919–13924. [CrossRef]

http://doi.org/10.15690/vramn655
http://doi.org/10.26444/aaem/100664
http://www.ncbi.nlm.nih.gov/pubmed/30922023
http://doi.org/10.1080/17474124.2019.1543023
http://doi.org/10.1074/jbc.M111.252775
http://doi.org/10.1074/jbc.M006246200
http://doi.org/10.1042/BSR20130046
http://www.ncbi.nlm.nih.gov/pubmed/23895241
http://doi.org/10.1210/en.2008-0938
http://www.ncbi.nlm.nih.gov/pubmed/19036883
http://doi.org/10.1016/j.pharmthera.2022.108316
http://doi.org/10.3389/fphar.2017.00676
http://www.ncbi.nlm.nih.gov/pubmed/29018345
http://doi.org/10.3390/ph15050495
http://doi.org/10.3132/dvdr.2005.010
http://doi.org/10.1093/toxsci/kfj062
http://doi.org/10.1111/j.1463-1326.2006.00616.x
http://doi.org/10.1016/j.bbalip.2007.05.005
http://doi.org/10.1093/toxsci/kfu015
http://doi.org/10.3390/ijms19082189
http://doi.org/10.1016/j.isci.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/30123887
http://doi.org/10.1016/j.ejmech.2011.08.022
http://www.ncbi.nlm.nih.gov/pubmed/21889235
http://doi.org/10.1016/j.bmcl.2011.06.028
http://www.ncbi.nlm.nih.gov/pubmed/21742490
http://doi.org/10.1016/j.bmcl.2012.09.111
http://doi.org/10.1002/cmdc.201900128
http://doi.org/10.1016/j.ejmech.2014.10.083
http://doi.org/10.1073/pnas.241410198


Pharmaceuticals 2023, 16, 346 15 of 16

39. Ammazzalorso, A.; Carrieri, A.; Verginelli, F.; Bruno, I.; Carbonara, G.; D’Angelo, A.; De Filippis, B.; Fantacuzzi, M.; Florio, R.;
Fracchiolla, G.; et al. Synthesis, in vitro evaluation, and molecular modeling investigation of benzenesulfonimide peroxisome
proliferator-activated receptors α antagonists. Eur. J. Med. Chem. 2016, 114, 191–200. [CrossRef]

40. Ammazzalorso, A.; De Lellis, L.; Florio, R.; Bruno, I.; De Filippis, B.; Fantacuzzi, M.; Giampietro, L.; Maccallini, C.; Perconti,
S.; Verginelli, F.; et al. Cytotoxic effect of a family of peroxisome proliferator-activated receptor antagonists in colorectal and
pancreatic cancer lines. Chem. Biol. Drug Des. 2017, 90, 1029–1035. [CrossRef]

41. Recinella, L.; Chiavaroli, A.; Orlando, G.; Menghini, L.; Ferrante, C.; Di Cesare Mannelli, L.; Ghelardini, C.; Brunetti, L.; Leone, S.
Protective effects induced by two polyphenolic liquid complexes from olive (Olea europaea, mainly Cultivar Coratina) pressing
juice in rat isolated tissues challenged with LPS. Molecules 2019, 24, 3002. [CrossRef] [PubMed]

42. Leone, S.; Chiavaroli, A.; Recinella, L.; Orlando, G.; Ferrante, C.; Marconi, G.D.; Gasparo, I.; Bitto, A.; Salvatori, R.; Brunetti, L.
Increased pain and inflammatory sensitivity in growth hormone-releasing hormone (GHRH) knockout mice. Prostaglandins Other
Lipid Mediat. 2019, 144, 106362. [CrossRef] [PubMed]

43. Guo, J.; Liu, Z.; Sun, H.; Huang, Y.; Albrecht, E.; Zhao, R.; Yang, X. Lipopolysaccharide challenge significantly influences lipid
metabolism and proteome of white adipose tissue in growing pigs. Lipids Health Dis. 2015, 14, 68. [CrossRef]

44. Recinella, L.; Chiavaroli, A.; Orlando, G.; Ferrante, C.; Marconi, G.D.; Gesmundo, I.; Granata, R.; Cai, R.; Sha, W.; Schally, A.V.;
et al. Antinflammatory, antioxidant, and behavioral effects induced by administration of growth hormone-releasing hormone
analogs in mice. Sci. Rep. 2020, 10, 4850. [CrossRef] [PubMed]

45. Recinella, L.; Chiavaroli, A.; Di Valerio, V.; Veschi, S.; Orlando, G.; Ferrante, C.; Gesmundo, I.; Granata, R.; Cai, R.; Sha, W.;
et al. Protective effects of growth hormone-releasing hormone analogs in DSS-induced colitis in mice. Sci. Rep. 2021, 11, 2530.
[CrossRef]

46. Kannan, N.; Guruvayoorappan, C. Protective effect of Bauhinia tomentosa on acetic acid induced ulcerative colitis by regulating
antioxidant and inflammatory mediators. Int. Immunopharmacol. 2013, 16, 57–66. [CrossRef]

47. Kotoh, K.; Kato, M.; Kohjima, M.; Tanaka, M.; Miyazaki, M.; Nakamura, K.; Enjoji, M.; Nakamuta, M.; Takayanagi, R. Lactate
dehydrogenase production in hepatocytes is increased at an early stage of acute liver failure. Exp. Ther. Med. 2011, 2, 195–199.
[CrossRef]

48. Faiola, B.; Falls, J.G.; Peterson, R.A.; Bordelon, N.R.; Brodie, T.A.; Cummings, C.A.; Romach, E.H.; Miller, R.T. PPAR alpha, more
than PPAR delta, mediates the hepatic and skeletal muscle alterations induced by the PPAR agonist GW0742. Toxicol. Sci. 2008,
105, 384–394. [CrossRef]

49. Morán-Salvador, E.; Titos, E.; Rius, B.; González-Périz, A.; García-Alonso, V.; López-Vicario, C.; Miquel, R.; Barak, Y.; Arroyo, V.;
Clària, J. Cell-specific PPARγ deficiency establishes anti-inflammatory and anti-fibrogenic properties for this nuclear receptor in
non-parenchymal liver cells. J. Hepatol. 2013, 59, 1045–1053. [CrossRef]

50. Berlanga, A.; Guiu-Jurado, E.; Porras, J.A.; Auguet, T. Molecular pathways in non-alcoholic fatty liver disease. Clin. Exp.
Gastroenterol. 2014, 7, 221–239.

51. Schaefer, M.B.; Pose, A.; Ott, J.; Hecker, M.; Behnk, A.; Schulz, R.; Weissmann, N.; Günther, A.; Seeger, W.; Mayer, K. Peroxisome
proliferator-activated receptor-alpha reduces inflammation and vascular leakage in a murine model of acute lung injury. Eur.
Respir. J. 2008, 32, 1344–1353. [CrossRef] [PubMed]

52. Yoon, E.K.; Lee, W.K.; Lee, J.H.; Yu, S.M.; Hwang, S.G.; Kim, S.J. ERK-1/-2 and p38 kinase oppositely regulate 15-deoxy-
delta(12,14)-prostaglandinJ(2)-Induced PPAR-gamma activation that mediates dedifferentiation but not cyclooxygenase-2 expres-
sion in articular chondrocytes. J. Korean Med. Sci. 2007, 22, 1015–1121. [CrossRef] [PubMed]

53. Basu, S. F2-Isoprostanes in human health and diseases: From molecular mechanisms to clinical implications. Antioxid. Redox Sign.
2008, 10, 1405–1434. [CrossRef] [PubMed]

54. Takahashi, M.; Tsuboyama-Kasaoka, N.; Nakatani, T.; Ishii, M.; Tsutsumi, S.; Aburatani, H.; Ezaki, O. Fish oil feeding alters liver
gene expressions to defend against PPARalpha activation and ROS production. Am. J. Physiol. Gasterointest. Liver Physiol. 2002,
282, G338–G348. [CrossRef] [PubMed]

55. Bauer, M.; Hamm, A.C.; Bonaus, M.; Jacob, A.; Jaekel, J.; Schorle, H.; Pankratz, M.J.; Katzenberger, J.D. Starvation response
in mouse liver shows strong correlation with life-span-prolonging processes. Physiol. Genom. 2004, 17, 230–244. [CrossRef]
[PubMed]

56. Nedergaard, J.; Cannon, B. UCP1 mRNA does not produce heat. Biochim. Biophys. Acta 2013, 1831, 943–949. [CrossRef] [PubMed]
57. Cousin, B.; Cinti, S.; Morroni, M.; Raimbault, S.; Ricquier, D.; Pénicaud, L.; Casteilla, L. Occurrence of brown adipocytes in rat

white adipose tissue: Molecular and morphological characterization. J. Cell Sci. 1992, 103, 931–942. [CrossRef]
58. Nedergaard, J.; Cannon, B. The changed metabolic world with human brown adipose tissue: Therapeutic visions. Cell Metab.

2010, 11, 268–272. [CrossRef]
59. Seale, P.; Kajimura, S.; Yang, W.; Chin, S.; Rohas, L.M.; Uldry, M.; Tavernier, G.; Langin, D.; Spiegelman, B.M. Transcriptional

control of brown fat determination by PRDM16. Cell Metab. 2007, 6, 38–54. [CrossRef]
60. Harms, M.; Seale, P. Brown and beige fat: Development, function and therapeutic potential. Nat. Med. 2013, 19, 1252–1263.

[CrossRef]
61. Seale, P.; Bjork, B.; Yang, W.; Kajimura, S.; Chin, S.; Kuang, S.; Scimè, A.; Devarakonda, S.; Conroe, H.M.; Erdjument-Bromage, H.;

et al. PRDM16 controls a brown fat/skeletal muscle switch. Nature 2008, 454, 961–967. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejmech.2016.02.064
http://doi.org/10.1111/cbdd.13026
http://doi.org/10.3390/molecules24163002
http://www.ncbi.nlm.nih.gov/pubmed/31430921
http://doi.org/10.1016/j.prostaglandins.2019.106362
http://www.ncbi.nlm.nih.gov/pubmed/31301405
http://doi.org/10.1186/s12944-015-0067-5
http://doi.org/10.1038/s41598-020-61185-x
http://www.ncbi.nlm.nih.gov/pubmed/32161298
http://doi.org/10.1038/s41598-021-81778-4
http://doi.org/10.1016/j.intimp.2013.03.008
http://doi.org/10.3892/etm.2011.197
http://doi.org/10.1093/toxsci/kfn130
http://doi.org/10.1016/j.jhep.2013.06.023
http://doi.org/10.1183/09031936.00035808
http://www.ncbi.nlm.nih.gov/pubmed/18653653
http://doi.org/10.3346/jkms.2007.22.6.1015
http://www.ncbi.nlm.nih.gov/pubmed/18162716
http://doi.org/10.1089/ars.2007.1956
http://www.ncbi.nlm.nih.gov/pubmed/18522490
http://doi.org/10.1152/ajpgi.00376.2001
http://www.ncbi.nlm.nih.gov/pubmed/11804856
http://doi.org/10.1152/physiolgenomics.00203.2003
http://www.ncbi.nlm.nih.gov/pubmed/14762175
http://doi.org/10.1016/j.bbalip.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23353596
http://doi.org/10.1242/jcs.103.4.931
http://doi.org/10.1016/j.cmet.2010.03.007
http://doi.org/10.1016/j.cmet.2007.06.001
http://doi.org/10.1038/nm.3361
http://doi.org/10.1038/nature07182
http://www.ncbi.nlm.nih.gov/pubmed/18719582


Pharmaceuticals 2023, 16, 346 16 of 16

62. Weiner, J.; Kranz, M.; Klöting, N.; Kunath, A.; Steinhoff, K.; Rijntjes, E.; Köhrle, J.; Zeisig, V.; Hankir, M.; Gebhardt, C.; et al.
Thyroid hormone status defines brown adipose tissue activity and browning of white adipose tissues in mice. Sci. Rep. 2016,
6, 38124. [CrossRef] [PubMed]

63. Fukui, Y.; Masui, S.; Osada, S.; Umesono, K.; Motojima, K. A new thiazolidinedione, NC-2100, which is a weak PPAR-gamma
activator, exhibits potent antidiabetic effects and induces uncoupling protein 1 in white adipose tissue of KKAy obese mice.
Diabetes 2000, 49, 759–767. [CrossRef] [PubMed]

64. Kelly, L.J.; Vicario, P.P.; Thompson, G.M.; Candelore, M.R.; Doebber, T.W.; Ventre, J.; Wu, M.S.; Meurer, R.; Forrest, M.J.; Conner,
M.W.; et al. Peroxisome proliferator-activated receptors γ and α mediate in vivo regulation of uncoupling protein (UCP-1, UCP-2,
UCP-3) gene expression. Endocrinology 1998, 139, 4920–4927. [CrossRef]

65. Seale, P.; Conroe, H.M.; Estall, J.; Kajimura, S.; Frontini, A.; Ishibashi, J.; Cohen, P.; Cinti, S.; Spiegelman, B.M. Prdm16 determines
the thermogenic program of subcutaneous white adipose tissue in mice. J. Clin. Investig. 2011, 121, 96–105. [CrossRef]

66. Veschi, S.; De Lellis, L.; Florio, R.; Lanuti, P.; Massucci, A.; Tinari, N.; De Tursi, M.; di Sebastiano, P.; Marchisio, M.; Natoli, C.; et al.
Effects of repurposed drug candidates nitroxoline and nelfinavir as single agents or in combination with erlotinib in pancreatic
cancer cells. J. Exp. Clin. Cancer Res. 2018, 37, 236. [CrossRef]

67. Recinella, L.; Chiavaroli, A.; Masciulli, F.; Fraschetti, C.; Filippi, A.; Cesa, S.; Cairone, F.; Gorica, E.; De Leo, M.; Braca, A.;
et al. Protective Effects Induced by a Hydroalcoholic Allium sativum Extract in Isolated Mouse Heart. Nutrients 2021, 13, 2332.
[CrossRef]

68. Recinella, L.; Gorica, E.; Chiavaroli, A.; Fraschetti, C.; Filippi, A.; Cesa, S.; Cairone, F.; Martelli, A.; Calderone, V.; Veschi, S.;
et al. Anti-Inflammatory and Antioxidant Effects Induced by Allium sativum L. Extracts on an Ex Vivo Experimental Model of
Ulcerative Colitis. Foods 2022, 11, 3559.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/srep38124
http://www.ncbi.nlm.nih.gov/pubmed/27941950
http://doi.org/10.2337/diabetes.49.5.759
http://www.ncbi.nlm.nih.gov/pubmed/10905484
http://doi.org/10.1210/endo.139.12.6384
http://doi.org/10.1172/JCI44271
http://doi.org/10.1186/s13046-018-0904-2
http://doi.org/10.3390/nu13072332

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Chemistry 
	Cell Viability Assay 
	Ex Vivo Studies 
	Adipocyte Culture 
	PCR Assay 
	Statistical Analysis 

	Conclusions 
	References

