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Abstract

Soluble epoxide hydrolase (sEH) is a drug target with the potential for therapeutic utility in 

the areas of inflammation, neurodegenerative disease, chronic pain, and diabetes, among others. 

Proteolysis-targeting chimeras (PROTACs) molecules offer new opportunities for targeting sEH, 

due to its capacity to induce its degradation. Here, we describe that the new ALT-PG2, a 

PROTAC that degrades sEH protein in the human hepatic Huh-7 cell line, in isolated mouse 
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primary hepatocytes, and in the liver of mice. Remarkably, sEH degradation caused by ALT-PG2 

was accompanied by an increase in the phosphorylated levels of AMP-activated protein kinase 

(AMPK), while phosphorylated extracellular-signal-regulated kinase 1/2 (ERK1/2) was reduced. 

Consistent with the key role of these kinases on endoplasmic reticulum (ER) stress, ALT-PG2 

attenuated the levels of ER stress and inflammatory markers. Overall, the findings of this study 

indicate that targeting sEH with degraders is a promising pharmacological strategy to promote 

AMPK activation and to reduce ER stress and inflammation.
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1. Introduction

Proteolysis-targeting chimeras (PROTACs) molecules have changed the landscape for drug 

discovery and design (1). PROTACs are bifunctional molecules consisting of a ligand 

targeting a protein of interest, a ligand recruiting an E3 ligase, and a connecting linker 

(1). Compared to classical inhibitors, PROTACs not only inhibit their targets, but also induce 

their degradation through the ubiquitin-proteasome system. This offers several advantages 

over merely inhibiting proteins, including the use of lower doses (2), and additional layer of 

selectivity (3), cumulative efficacy (4), and the potential to degrade undruggable targets and 

domains (5).

Soluble epoxide hydrolase (sEH) is a bifunctional enzyme with C-terminal hydrolase and 

N-terminal phosphatase activities (6). This enzyme is highly expressed in the liver (6), 

a vital organ with important metabolic, secretory and excretory functions. sEH hydrolase 

activity converts epoxyeicosatrienoic acids (EETs) and other epoxy fatty acids (EpFAs) 

to their corresponding diols. The products of hydrolysis of the EETs and other EpFAs 

are dihydroxyeicosatrienoic acids. These diols are much less bioactive than their parents 

epoxides. As a result, compounds that inhibit sEH significantly increase levels of EETs and 

other EpFAs, which are opposing counterparts to the largely pro-inflammatory prostanoids 

and leukotrienes, providing therapeutic efficacy for the treatment of neurodegenerative 

diseases, inflammation, chronic pain, cardiovascular disease, pulmonary diseases, and 

diabetes (7–9). Many of these chronic diseases are also the result of persistent endoplasmic 

reticulum (ER) stress due to its potential to elicit aberrant inflammatory signaling and 

facilitate cell death (10, 11). Thus, targeting ER stress has emerged as a therapeutic strategy 

for many disorders. ER stress develops in part because of the accumulation of misfolded 

and unfolded proteins in the ER lumen. This disrupts the homeostasis of this organelle and 

activates the unfolded protein response (UPR), intended to restore the ER’s folding capacity, 

and mitigate stress (12). However, if ER homeostasis cannot be restored, inflammation and 

cell death are induced. Therefore, although the UPR forms part of an acute mechanism 

to re-establish the cellular homeostasis, when sustained chronically activated this response 

contributes to disease. The UPR involves the activation of three transmembrane proteins: 

inositol-requiring enzyme 1 (IRE-1), activating transcription factor 6 (ATF6), and protein 

kinase R (PKR)-like ER kinase (PERK). The latter phosphorylates the eukaryotic initiation 
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factor (eIF2α) and attenuates protein translation, thereby reducing the number of new 

proteins entering the ER lumen. If UPR cannot restore ER homeostasis, apoptosis is 

induced by the PERK-eIF2α pathway and the subsequent increase in ATF4 activity, which 

upregulates the expression of C/EBP homologous protein (CHOP). Moreover, the three 

branches of the UPR intersect with a variety of inflammatory and stress signaling systems, 

including the nuclear factor-κB (NF-κB) pathway (12) or the signal transducer and activator 

of transcription 3 (STAT3) pathway (13), thereby stimulating inflammation.

Since the liver has a large requirement for protein synthesis and folding, hepatocytes are 

enriched in ER and, thus, are more susceptible to ER perturbation and ER stress (14). 

Excessive ER stress contributes to the development of insulin resistance and type 2 diabetes 

mellitus (12) and activation of adenosine monophosphate-activated protein kinase (AMPK) 

has been reported to protect against insulin resistance by reducing ER stress (15, 16). In 

addition, the presence of an inhibitory crosstalk between AMPK and extracellular-signal-

regulated kinase 1/2 (ERK1/2) contributes to the development of ER stress, since inhibition 

of ERK1/2 was found to improve AMPK pathway and to reverse ER stress-induced insulin 

resistance (15, 16).

In this work, we describe that the sEH-targeting PROTAC ALT-PG2 degrades this protein at 

low nanomolar concentration in the human hepatoma-derived Huh-7 cell line and in primary 

mouse hepatocytes. The degradation of the sEH protein in these cells was accompanied 

by AMPK activation, while phosphorylated ERK1/2 was reduced. Moreover, these changes 

resulted in a basal reduction of both ER stress and inflammatory markers, whereas an 

increase was observed in the levels of proteins involved in the insulin signaling pathway. 

Likewise, ALT-PG2 prevented the increase in ER stress induced by thapsigargin, an ER 

stressor which induces ER stress by inhibiting SERCA (sarco/endoplasmic reticulum Ca2+ 

ATPase) and, consequently, blocking the calcium entry into the ER lumen. Finally, two 

intraperitoneal administrations of ALT-PG2 for one single day resulted in rapid and robust 

degradation of sEH in the liver of mice, as well as the activation of AMPK and the reduction 

of the phosphorylated levels of ERK1/2. Overall, these findings indicate that targeting sEH 

with PROTACs leads to the degradation of this protein in vitro and in vivo, which in turn 

results in the activation of AMPK and the reduction of ER stress and inflammatory markers.

2. Materials and methods

2.1. General

Commercially available reagents and solvents were used without further purification unless 

stated otherwise. 400 MHz 1H and 100.6 MHz 13C NMR spectra were recorded on a 

Bruker 400 Avance III spectrometers. The chemical shifts are reported in ppm (δ scale) 

relative to internal tetramethylsilane, and coupling constants are reported in Hertz (Hz). 

High resolution mass spectrometry (HRMS) analyses were performed with an LC/MSD 

TOF Agilent Technologies spectrometer. HPLC / MS were determined with a HPLC Agilent 

1260 Infinity II LC/MSD coupled to a photodiode array and mass spectrometer. Samples (5 

μL, 0.5 mg/mL) in a 1:1 mixture of water with 0.05% formic acid (A) and acetonitrile with 

0.05% formic acid (B) were injected using an Agilent Poroshell 120 EC-C18 (2.7 μm, 50 

mm × 4.6 mm) column at 40 °C. The mobile phase was a mixture of A and B, with a flow 
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0.6 mL/min, using the following gradients: from 95% A–5% B to 100% B in 3 min; 100% 

B for 3 min; from 100% B to 95% A–5% B in 1 min; and 95% A–5% B for 3 min. Purity is 

given as % of absorbance at 254 nm. All compounds that were subjected to pharmacological 

evaluation are >95% pure by HPLC.

2.2 Synthesis procedure for PROTAC molecules

Synthesis of ALT-PG2.—To a solution of trans-4-[4-(3-trifluoromethoxyphenyl-1-

ureido)cyclohexyloxy]benzoic acid (t-TUCB) (26 mg, 0.055 mmol) in dimethylformamide 

(DMF) (0.5 mL) was added the recruiter molecule (thalidomide-PEG3-NH2·HCl, 25 mg, 

0.046 mmol), and the solution was stirred at room temperature. N,N-diisopropylethylamine 

(DIPEA) (24 µl, 0.138 mmol) was added dropwise, and the mixture was stirred for 5 min at 

room temperature. Hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) (35 

mg, 0.092 mmol) was added, and the mixture was stirred at room temperature overnight. 

Water was added, and the mixture was extracted with ethyl acetate (3×). The combined 

organic phases were washed with NaHCO3 (twice), dried over anhydrous Na2SO4, filtered, 

and evaporated under reduced pressure to give a crude. Column chromatography [SiO2, 

100% dichloromethane (DCM) to 90% DCM / 10% methanol mixtures] yielded ALT-PG2 

(23 mg, 54% yield) as a white solid.

1H‐RMN (400 MHz, DMSO-d6) δ: 1.32 – 1.40 (cs, 2H), 1.44 – 1.53 (cs, 2H), 1.91 – 1.95 

(cs, 2H), 2.00 – 2.06 (cs, 3H), 2.51 – 2.50 (cs, 2H), 2.89 (ddd, J = 17.6, J’= 13.9, J’’ = 5.5 

Hz, 1H), 3.30 (s, 2H), 3.38 (q, J = 6.0 Hz, 2H), 3.44 (t, J = 5.6 Hz, 2H), 3.48–3.50 (cs, 12 

H), 4.42 (m, 1H), 4.78 (s, 2H), 5.11 (dd, J = 13.2 Hz, J’ = 3.6 Hz, 1H), 6.18 (d, J = 7.4 Hz, 

1H), 6.99 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 1H), 7.45–7.50 

(cs, 3H), 7.77–7.82 (cs, 3H), 8.00 (t, J = 5.6 Hz, 1H), 8.32 (t, J = 5.6 Hz, 1H), 8.5 (s, 1H), 

11.11 (brs, 1H).

13C‐RMN (100.6 MHz, DMSO-d6) δ: 22.0, 29.7, 30.0, 30.9, 38.4, 47.2, 48.8, 67.5, 68.8, 

69.0, 69.6, 69.7, 74.1, 114.8, 116.0, 116.8, 118.5, 120.3, 121.6, 126.4, 129.0, 133.0, 136.9, 

139.8, 141.9, 154.4, 155.0, 159.7, 165.4, 165.7, 166.7, 166.9, 169.9, 172.8.

HRMS-ESI- m/z [M-]- calcd for [C44H48F3N6O13]-: 925.3237, found: 925.3225.

Synthesis of ALT-PG3.—To a solution of t-TUCB (22 mg, 0.051 mmol) in DMF (0.5 

ml) was added the recruiter molecule (thalidomide-PEG4-NH2·HCl, 25 mg, 0.043 mmol), 

and the solution was stirred at room temperature. DIPEA (23 µl, 0.129 mmol) was added 

dropwise, and the mixture was stirred for 5 min at room temperature. HATU (33 mg, 0.086 

mmol) was added, and the mixture was stirred at room temperature overnight. Water was 

added, and the mixture was extracted with ethyl acetate (3×). The combined organic phases 

were washed with NaHCO3 (twice), dried over anhydrous Na2SO4, filtered, and evaporated 

under reduced pressure to give a crude. Column chromatography (SiO2, 100% DCM to 90% 

DCM / 10% methanol mixtures) yielded ALT-PG3 (15 mg, 36% yield) as a white solid 

which spectroscopic data matched the described in the literature (17).
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2.3. In vitro determination of the inhibitory activities toward human and mouse sEH

The in vitro inhibitory activity toward human and mouse sEH was determined as previously 

described (18).

2.4. Animal treatment

Male C57BL/6 mice (10–12 weeks old) were purchased from Envigo (Barcelona, Spain). 

After an acclimation period of 10 days, mice were randomly distributed into two 

experimental groups (n = 5 each). One of the groups received one i.p. injection of vehicle 

(0.9 % NaCl containing 5 % Kolliphor HS15 (42966, Sigma-Aldrich, St. Louis, MO, USA)) 

and the other ALT-PG2 (30 mg/kg, i.p., twice a day for 1 day) dissolved in the vehicle. Mice 

were sacrificed, and liver samples were frozen in liquid nitrogen and then stored at −80ºC.

Animal experimentation complied with the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health (8th edition: National Academies 

Press; 2011). All procedures were approved by the Bioethics Committee of the University 

of Barcelona, as stated in Law 5/21 July 1995 passed by the Generalitat de Catalunya. The 

animals were treated humanely, and all efforts were made to minimize both animal numbers 

and suffering.

2.5. Cell culture

Human Huh-7 hepatoma cells (kindly donated by Dr. Mayka Sanchez from the Josep 

Carreras Leukemia Research Institute, Barcelona) were cultured in DMEM supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin, at 37°C under 5% CO2.

Primary mouse hepatocytes were isolated from non-fasting male C57BL/6 mice (10–12 

weeks old) by perfusion with collagenase as described elsewhere (19). Compounds ALT-

PG2 and ALT-PG3 were dissolved in DMSO.

Huh-7 and mouse primary hepatocytes were exposed to ALT-PG2 for 48 h and co-incubated 

with vehicle (DMSO) or the ER stressor thapsigargin (1 µM) for the last 24 h.

2.6. Immunoblotting

Isolation of total protein extracts was performed as described elsewhere (20). 

Immunoblotting was performed with antibodies against AMPKα (#2532, Cell Signaling 

Technology, Danvers, MA, USA), phosphorylated AMPK Thr172 (#2531, Cell Signaling 

Technology), β-Actin (A5441, Sigma), CHOP (GTX112827, Genetex, Irvine, CA, USA), 

eIF2α (#9722, Cell Signalling Technology), phosphorylated eIF2α Ser51 (#9721, Cell 

Signalling Technology); ERK1/2 (44/42 MAPK) (#9102, Cell Signaling Technology), 

phosphorylated ERK1/2 (44/42 MAPK) Thr202/Tyr204 (#9101, Cell Signalling Technology), 

IRβ (#3025, Cell Signaling Technology), IRS-1 (#2382, Cell Signaling Technology), NF-κB 

p65 (sc-109, Santa Cruz Biotechnology Inc., Dallas, TX, USA), phosphorylated NF-κB p65 

Ser536 (#3036s, Cell Signalling Technology), PP2A (#2259, Cell Signaling Technology), 

p53 (2524T, Cell Signaling Technology), sEH (sc-25797, Santa Cruz Biotechnology 

Inc.), SOCS3 (sc-9023, Santa Cruz Biotechnology Inc.), STAT3 (sc-482X, Santa Cruz 

Biotechnology Inc.), phosphorylated STAT3 Tyr705 (#9131, Cell Signaling Technology), 
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TNF-α (AF410-NA, R&D Systems, Minneapolis, MN, USA), TRB3 (sc-365842, Santa 

Cruz Biotechnology Inc.), vinculin (sc-25336, Santa Cruz Biotechnology Inc.), VLDLR 

(AF2258, R&D Systems). Signal acquisition was performed using the Amersham Imager 

680 apparatus and quantification of the immunoblot signal was performed with the Bio-Rad 

Image Lab software. The results for protein quantification were normalized to the levels of a 

control protein to avoid unwanted sources of variation.

2.7. Statistical analysis

Results are expressed as the mean ± SEM. Significant differences were assessed by either 

Student’s t-test or one-way ANOVA, according to the number of groups compared, using 

the GraphPad Prism program (version 9.0.2) (GraphPad Software Inc., San Diego, CA, 

USA). When significant variations were found by ANOVA, Tukey’s post-hoc test for 

multiple comparisons was performed only if F achieved a p value < 0.05. Differences were 

considered significant at p < 0.05.

3. Results

3.1. Synthesis and characterization of the sEH PROTAC ALT-PG2

Two sEH PROTACs were evaluated, ALT-PG2 and ALT-PG3. These compounds consist 

of the sEH competitive inhibitor t-TUCB (21) (Table 1) as binder to the enzyme, while 

incorporating the thalidomide-based cereblon ligand (as E3 ligase ligand) and two different 

polyethylene glycol (PEG) linkers. The synthesis of the targeted PROTACs was carried 

out by a coupling reaction of t-TUCB (21) and either thalidomide-PEG3-NH2 for ALT-

PG2, or thalidomide-PEG4-NH2 for ALT-PG3, in the presence of HATU and DIPEA in 

DMF (Table 1). First, we examined the inhibitory activity of these compounds against 

the human and murine enzymes. Consistent with previous studies (17), and despite the 

presence of the bulky recruiter linked to the t-TUCB unit, the two compounds showed 

activity in the low nanomolar or even subnanomolar ranges in both the human and murine 

enzymes (Table 1). As a control, we first examined the effects of different concentrations 

of the sEH inhibitor t-TUCB on the protein levels of sEH in the human hepatoma-derived 

Huh-7 cell line. As expected, exposure to this compound did not cause sEH degradation 

(Figure 1A). In contrast, ALT-PG2 caused a robust degradation of sEH protein levels at 

concentrations ranging from 1 nM to 1 µM (Figure 1B). At 1 µM concentration some 

U-shaped concentration-response curve or hook effect was observed, a known phenomenon 

in PROTACs (22). This effect was not observed with ALT-PG3, although it caused a 

weaker degradation of sEH. Thus, we selected the ALT-PG2 PROTAC at 10 nM for 

further studies. When we conducted a time-course study, we observed that significant sEH 

degradation occurred after only 1 h of treatment, but exposure for longer periods (8, 12, and 

24 h) provided greater degradation (Figure 1D). To determine whether ALT-PG2-induced 

proteasome-mediated degradation, cells were treated with the proteasome inhibitor MG132 

prior PROTAC application. Inhibition of proteasome with MG132 completely abrogated 

the ALT-PG2-mediated degradation of sEH (Figure 2A), indicating that this degradation 

depends on the ubiquitin-proteasome system. Moreover, addition of the cereblon ligand 

lenalidomide effectively rescued the degradation of sEH by ALT-PG2, confirming that it 

requires the binding of ALT-PG2 to the E3 ligase cereblon (Figure 2B). One of the potential 
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advantages of PROTACs over inhibitors is the potential development of cumulative efficacy 

after repeated administration when the target protein has a slow turnover. To assess the 

presence of this potential effect for ALT-PG2, repeated administrations were conducted 

in cells. Exposure to 2 concentrations for 24 h or 4 concentrations for 12 h of 10 nM 

ALT-PG2 yielded similar degradations of sEH than a single concentration treatment (Figure 

2C), suggesting that ALT-PG2 does not develop cumulative efficacy following repeated 

administrations, at least during the periods assessed.

3.2. sEH degradation by ALT-PG2 activates AMPK and reduces the levels of ER stress 
markers in human Huh-7 hepatic cells

Previous studies have reported that the reduction in cardiac AMPK caused by a high-fat 

diet (HFD) is prevented in sEH knockout mice (23), that hepatocytes from sEH knockout 

mice show activation of AMPK (24), as well as that sEH inhibition significantly attenuates 

the HFD-induced renal injury, partially by activating AMPK (25). Since these findings 

suggested that both the absence of sEH or its inhibition resulted in AMPK activation, we 

next examined whether sEH degradation by ALT-PG2 activated AMPK in human Huh-7 

hepatic cells. Moreover, given that AMPK activation mitigates ER stress (15, 16), we 

also examined if ALT-PG2 attenuated ER stress and inflammatory markers. As expected, 

exposure of Huh-7 cells to 10 nM ALT-PG2 for 16 h caused a rapid and robust degradation 

of sEH (Figure 3A). This was accompanied by AMPK activation (Figure 3B), and consistent 

with the reported inhibitory crosstalk between AMPK and ERK1/2, the phosphorylated 

levels of the latter kinase were reduced (Figure 3C). The fact that the sEH inhibitor t-TUCB 

increased the phosphorylated levels of AMPK (Figure 3D) suggests that AMPK activation 

caused by ALT-PG2 is mediated by the reduction of the hydrolase levels, while further 

studies are needed to evaluate whether the phosphatase activity of the enzyme contributes 

to AMPK activation. AMPK is known to inhibit the p53 negative regulator, murine double 

minute X (MDMX), resulting in increased p53 levels (26). Consistent with this, AMPK 

activation caused by ALT-PG2 was accompanied by an increase in p53 protein levels (Figure 

3E) supporting that ALT-PG2 activates AMPK. Likewise, treatment with ALT-PG2 reduced 

the levels of ER stress marker phosphorylated eIF2α (Figure 3F), while no changes were 

observed in the levels of inflammatory transcription factor NF-κB or its phosphorylation 

status (Figure 3G). Despite this latter finding, the levels of phosphorylated STAT3, which 

is activated by ER stress (13) and is the primary downstream regulator of interleukin 

(IL)-6 signaling with a prominent role in regulating inflammation (27), were attenuated by 

ALT-PG2 (Figure 3H). Since activation of the STAT3 pathway has been reported to reduce 

insulin receptor substrate 1 (IRS1) protein levels in hepatocytes (28) and ER stress reduces 

the levels of insulin receptor β (IRβ) (29), we examined the levels of these two proteins 

involved in the insulin signaling pathway. Remarkably, the protein levels of both IRβ and 

IRS1 were upregulated by ALT-PG2 (Figure 3I). Collectively, these findings indicate that 

the degradation of sEH by ALT-PG2 activates AMPK, reduces ER stress and inflammatory 

markers and increases the levels of proteins involved in the insulin signaling pathway in 

hepatocytes.
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3.3. sEH degradation by ALT-PG2 attenuates thapsigargin-induced ER stress in human 
Huh-7 hepatic cells

To confirm that ALT-PG2 ameliorates ER stress, we used the ER stressor thapsigargin. 

Exposure of Huh-7 cells to thapsigargin did not significantly increase sEH protein levels 

(Figure 4A). Moreover, ALT-PG2 treatment resulted in sEH degradation independently of 

the presence of thapsigargin. Interestingly, ALT-PG2 abolished the thapsigargin-mediated 

increase in the ER stress markers CHOP (Figure 4A), phosphorylated eIF2α (Figure 

4B), tribbles 3 (TRB3) and very low-density lipoprotein receptor (VLDLR) (Figure 4C). 

Consistent with these effects of ALT-PG2, this PROTAC prevented the increase in the levels 

of suppressor of cytokine signaling 3 (SOCS3) (Figure 4A), a STAT3-target gene, and of 

the inflammatory markers p65-NF-κB and TNF-α (Figure 4C). These findings indicate 

that ALT-PG2 reduces the levels of ER stress and inflammatory markers in thapsigargin-

stimulated cells. Since AMPK activation prevents ER stress (15, 16), we examined whether 

the increase in AMPK activity caused by ALT-PG2 was responsible for the reduction of 

ER stress by using the AMPK inhibitor compound C. Remarkably, the reduction in CHOP 

protein levels caused by ALT-PG2 in thapsigargin-stimulated cells was prevented when cells 

were co-incubated with compound C (Figure 4D). This finding suggests that the inhibition 

of ER stress provoked by ALT-PG2 is mediated by AMPK.

3.4. sEH degradation by ALT-PG2 activates AMPK and reduces the levels of ER stress 
markers in mouse primary hepatocytes

Since primary hepatocytes are the gold standard for physiologically relevant in vitro liver 

models as they retain in vivo-like functions and morphologies, we next evaluated the effects 

of the ALT-PG2 PROTAC in this model. Exposure of mouse primary hepatocytes to ALT-

PG2 led to significant sEH degradation (Figure 5A), which was accompanied by an increase 

in phosphorylated AMPK (Figure 5B). Likewise, and in agreement with the activation of 

AMPK, phosphorylated ERK1/2 was reduced (Figure 5C). In addition, ALT-PG2 reduced 

basal CHOP protein levels (Figure 5E), as well as the levels of SOCS3, while the protein 

levels of IRβ were increased (Figure 5E). Likewise, when mouse primary hepatocytes 

were stimulated with thapsigargin, co-incubation of the cells with ALT-PG2 attenuated the 

increase in CHOP caused by the ER stressor (Figure 5F). In agreement with the reduction in 

ER stress, ALT-PG2 also reduced the levels of the inflammatory marker TNF-α (Figure 5G).

3.5. ALT-PG2 leads to sEH degradation in the liver of mice

We conducted a first approach to evaluate the effect of ALT-PG2 on sEH degradation in 
vivo. Mice treated with ALT-PG2 (30 mg/kg, twice a day for 1 day) showed a significant 

degradation in hepatic sEH protein levels (Figure 6A). Consistent with previous studies in 
vitro, ALT-PG2 increased the phosphorylated levels of AMPK in the liver (Figure 6B). The 

activation of AMPK was confirmed by the reduction in phosphorylated ERK1/2 (Figure 6C) 

and SOCS3 (Figure 6D). Collectively, these findings suggest that the PROTAC ALT-PG2 

causes a potent and rapid degradation of sEH in vivo after only 24 h that results in the 

activation of AMPK.
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4. Discussion

In the present study we show that the ALT-PG2 PROTAC (based on the scaffold of the 

sEH inhibitor t-TUCB connected to thalidomide-like ligand as the recruiter of the E3 

ligase cereblon and a PEG linker) degrades sEH in the human Huh-7 hepatic cell line, 

in mouse primary hepatocytes and in mouse liver. In addition, sEH degradation results in 

the activation of AMPK and the reduction of phosphorylated ERK1/2, which are important 

regulators of ER stress. In fact, ALT-PG2 reduces basal ER stress markers after stimulation 

with an ER stressor. Moreover, the inhibition of ER stress caused by ALT-PG2 seems to be 

mediated by the activation of AMPK. The effects of ALT-PG2 also contribute to attenuate 

inflammation and the increase in the levels of proteins involved in the insulin signaling 

pathway, suggesting that ALT-PG2 might be a potential treatment of insulin resistance and 

type 2 diabetes mellitus as well as metabolic diseases associated with these conditions. In 

our study we have also assessed another PROTAC, ALT-PG3, which yielded a slightly lower 

degradation of sEH than ALT-PG2. Indeed, ALT-PG3 has been previously evaluated in a 

recent study designed as compound 1a (17). Interestingly, this study elegantly demonstrated 

that ALT-PG3 selectively targeted the degradation of cytosolic but not peroxisomal sEH. 

It is also reported that the lack of effect of ALT-PG3 on peroxisomal sEH explained the 

apparent lack of total degradation of sEH. Given the structural similarities between ALT-

PG2 and ALT-PG3, it is likely that ALT-PG2 may also show selectivity against cytosolic 

sEH, thereby explaining the lack of total degradation of this protein. However, despite the 

structural similarities, some differences may exist between ALT-PG2 and ALT-PG3. In fact, 

according to this previous study, ALT-PG3-mediated sEH degradation was not rescued by 

the proteasome inhibitor MG132. However, they observed that the lysosomal pathway was 

involved in the ALT-PG3-mediated degradation of sEH (17). In contrast, we report that 

MG132 rescues completely the degradation of sEH caused by ALT-PG2, indicating that 

ALT-PG2-mediated sEH degradation involves the proteasome system. We do not know the 

reasons for these differences between ALT-PG2 and ALT-PG3, but the use of different cell 

lines (Huh-7 in our study vs. HepG2 and HEK293T) or concentrations (10 nM ALT-PG2 in 

our study vs. 250 nM ALT-PG3) might contribute, since, for instance, it is well-known in the 

field the influence of the cell line in the degradation patterns.

We also show that sEH degradation by ALT-PG2 activates AMPK in vitro and in vivo. 

In fact, previous studies have observed AMPK activation in the sEH knockout mice (23, 

24) and following treatment with sEH inhibitors (25). Our findings confirm that sEH 

degradation by PROTAC is also a valid strategy to activate AMPK in hepatic cells. This 

has implications for the treatment of insulin resistance and type 2 diabetes mellitus, since 

the most prescribed drug for the treatment of type 2 diabetes mellitus, metformin, activates 

AMPK. Moreover, due to the presence of an inhibitory crosstalk between AMPK and 

ERK1/2, activation of AMPK by ALT-PG2 might be responsible for the reduction of ER 

stress, since it has been reported that inhibition of ERK1/2 reverses ER stress-induced 

insulin resistance (15, 16). Actually, our findings demonstrate that AMPK activation by 

ALT-PG2 is required for the inhibition of ER stress, since the AMPK inhibitor compound 

C abolished this effect. It is well-known that ER stress contributes to insulin resistance and 

type 2 diabetes by activating inflammatory pathways and by reducing the protein levels of 
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key proteins of the insulin-signaling pathway (12). In fact, our findings show that AMPK 

activation by ALT-PG2-mediated degradation of sEH results in a reduction of inflammatory 

markers. Since ER stress has been reported to reduce IRβ levels (29), the reduction in 

ER stress caused by ALT-PG2 might be responsible for the increase in the levels of this 

receptor. Similarly, ALT-PG2 reduces the activation of STAT3 and the levels of its target 

gene SOCS3. Given that the STAT3-SOCS3 pathway reduces hepatic IRS1 levels (28), its 

attenuation by ALT-PG2 could be the underlying mechanism responsible for the increase 

in IRβ levels. Moreover, because of AMPK activation following sEH degradation, p53 

protein levels were also increased. This result is relevant since it has been reported that 

p53 modulates hepatic insulin sensitivity through NF-κB and p38/ERK-mitogen activated 

protein kinase (MAPK) pathways (30).

As far as we know, this is the first study reporting the efficacy of a PROTAC to promote 

the degradation of sEH in vivo. Further studies are necessary to better characterize the 

effects of PROTACs targeting sEH, but this first approach provides some interesting data. 

Our findings confirm that targeting sEH degradation by using degraders leads to AMPK 

activation after an acute treatment. Likewise, the activation of AMPK by ALT-PG2 in the 

liver results in a reduction of phosphorylated ERK1/2 and SOCS3 levels, indicating that 

ALT-PG2 shows beneficial effects similar to those observed in Huh-7 cells and in primary 

hepatocytes. A previous study has reported that AMPK activation in the liver of sEH 

knockout mice was elicited by higher levels of the sEH substrate 12,13-epoxyoctadecenoic 

acid (24). Although we have not examined the levels of this substrate, it is likely that the 

level of degradation of sEH caused by ALT-PG2 might be sufficient to increase the levels of 

12,13-epoxyoctadecenoic acid, eventually leading to the activation of AMPK.

Altogether, the findings of this study demonstrate that the ALT-PG2 PROTAC degrades sEH 

protein in human Huh-7 hepatic cells, mouse primary hepatocytes, and in the liver of mice. 

In these three models the degradation of sEH was accompanied by the activation of AMPK 

and the reduction of phosphorylated ERK1/2 as well as the reduction of ER stress and 

inflammatory markers. These findings indicate that targeting sEH with a PROTAC molecule 

is an effective strategy to activate AMPK and to prevent ER stress and inflammation in 

hepatic cells.
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Figure 1. 
ALT-PG2 PROTAC degrades sEH in Huh-7 hepatic cells.

(A) Immunoblot analysis of sEH in Huh-7 hepatic cells exposed to different concentrations 

of t-TUCB for 24 h. Immunoblot analysis of sEH in Huh-7 hepatic cells exposed to different 

concentrations of (B) ALT-PG2 or (C) ALT-PG3 for 24 h. (D) Time-course of the effects of 

10 nM ALT-PG2 on sEH protein levels. Data are presented as the mean ± SEM. one-way 

ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. control 

(CT).
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Figure 2. 
ALT-PG2 degrades sEH via the ubiquitin–proteasome system in Huh-7 hepatic cells.

(A) Immunoblot analysis of sEH in Huh-7 hepatic cells exposed to 10 nM ALT-PG2 for 24 

h in the presence or in the absence of 10 µM of the proteasome inhibitor MG132 (added 

3 h prior ALT-PG2). (B) Immunoblot analysis of sEH in Huh-7 hepatic cells exposed to 

10 nM ALT-PG2 for 24 h in the presence or in the absence of 100 µM of the cereblon 

ligand lenalidomide (added 3 h prior ALT-PG2). (C) sEH protein levels in Huh-7 hepatic 

cells exposed to the addition of 2 concentrations of ALT-PG2, each one every 24 h, and 

4 concentrations of ATL-PG2, each one every 12 h. Data are presented as the mean ± 

SEM. Significant differences were established by Student’s-t test or one-way ANOVA with 

Tukey’s post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. CT. #p < 0.05, and ##p < 

0.01 vs. ALT-PG2.
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Figure 3. 
sEH degradation by ALT-PG2 activates AMPK and reduces basal levels of ER stress 

markers in Huh-7 hepatic cells.

Immunoblot analysis of (A) sEH in Huh-7 hepatic cells exposed to 10 nM ALT-PG2 for 16 

h. (B) Total and phosphorylated AMPK and (C) total and phosphorylated ERK1/2 in Huh-7 

hepatic cells exposed to 10 nM ALT-PG2 for 48 h. (D) Immunoblot analysis of total and 

phosphorylated AMPK in Huh-7 hepatic cells exposed to 1 µM t-TUCB for 4 h. Immunoblot 

analysis of (E) p53, (F) total and phosphorylated eIF2α, (G) total and phosphorylated levels 

of the p65 subunit of NF-κB, (H) total and phosphorylated (Tyr705) levels of STAT3 and 

(I) IRβ and IRS1 in Huh-7 hepatic cells exposed to 10 nM ALT-PG2 for 16 h. Significant 

differences were established by Student’s-t test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 
CT.
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Figure 4. 
sEH degradation by ALT-PG2 attenuates thapsigargin-induced ER stress in Huh-7 hepatic 

cells.

Immunoblot analysis of (A) sEH, CHOP, SOCS3 and (B) total and phosphorylated eIF2α 
in Huh-7 hepatic cells exposed to 10 nM ALT-PG2 for 48 h co-incubated with vehicle or 

the ER stressor thapsigargin (1 µM) for the last 24 h. (C) TRB3, VLDLR, p65 and TNF-α 
in Huh-7 hepatic cells exposed to 10 nM ALT-PG2 for 48 h co-incubated with vehicle or 

the ER stressor thapsigargin (1 µM) for the last 24 h. (D) Immunoblot analysis of CHOP 

in Huh-7 hepatic cells exposed to 10 nM ALT-PG2 for 48 h co-incubated with vehicle or 

the ER stressor thapsigargin (1 µM) for the last 24 h with or without the AMPK inhibitor 

compound C (15 µM). Data are presented as the mean ± SEM. Significant differences were 

established by one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01 and ***p 
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< 0.001 vs. CT. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. thapsigargin. $ $p < 0.01 vs. 
Thapsi+ALT-PG2.
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Figure 5. 
sEH degradation by ALT-PG2 attenuates ER stress in mouse primary hepatocytes.

Immunoblot analysis of (A) sEH, (B) total and phosphorylated AMPK, (C) total and 

phosphorylated ERK1/2, (D) CHOP, (E) IRβ and SOCS3 in mouse primary hepatocytes 

exposed to 10 nM ALT-PG2 for 48 h. Immunoblot analysis of (F) CHOP and (G) TNF-α in 

mouse primary hepatocytes exposed to 10 nM ALT-PG2 for 48 h co-incubated with vehicle 

or the ER stressor thapsigargin (1 µM) for the last 24 h. Data are presented as the mean ± 

SEM. Significant differences were established by Student’s-t test or one-way ANOVA with 

Tukey’s post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. CT. #p < 0.05 and ###p < 

0.001 vs. thapsigargin.
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Figure 6. 
ALT-PG2 degrades sEH in vivo.

Immunoblot analysis of (A) sEH, (B) total and phosphorylated AMPK, (C) total and 

phosphorylated ERK1/2, (D) SOCS3 in the liver of mice treated with vehicle or ALT-PG2 

(30 mg/kg, i.p., twice a day for 1 day). Significant differences were established by Student’s-

t test. *p < 0.05 and **p < 0.01 vs. CT.
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Table 1.

PROTACs and t-TUCB structures and inhibitory potency against sEH.

Compound Structure Human sEH IC50 nMa Murine sEH IC50 nMa

t-TUCB 0.4 3.6

ALT-PG2 0.4 2.5

ALT-PG3 0.4 0.4
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