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Abstract: Piperine (1-piperoylpiperidine) is the major pungent component of black pepper (Piper
nigrum) and exhibits a spectrum of pharmacological activities. The molecular bases for many of
piperine’s biological effects are incompletely defined. We noted that the chemical structure of piperine
generally conforms to a pharmacophore model for small bioactive molecules that activate mitofusin
(MFN)-mediated mitochondrial fusion. Piperine, but not its isomer chavicine, stimulated mitochon-
drial fusion in MFN-deficient cells with EC50 of ~8 nM. We synthesized piperine analogs having
structural features predicted to optimize mitofusin activation and defined structure-activity relation-
ships (SAR) in live-cell mitochondrial elongation assays. When optimal spacing was maintained
between amide and aromatic groups the derivatives were potent mitofusin activators. Compared
to the prototype phenylhexanamide mitofusin activator, 2, novel molecules containing the piperi-
dine structure of piperine exhibited markedly enhanced passive membrane permeability with no
loss of fusogenic potency. Lead compounds 5 and 8 enhanced mitochondrial motility in cultured
murine Charcot-Marie-Tooth disease type 2A (CMT2A) neurons, but only 8 improved mitochondrial
transport in sciatic nerve axons of CMT2A mice. Piperine analogs represent a new chemical class of
mitofusin activators with potential pharmaceutical advantages.

Keywords: piperine; mitochondrial fusion; mitochondrial transport; mitofusins; Charcot-Marie-
Tooth disease

1. Introduction

Piperine (1-(5-[1,3-benzodioxol-5-yl]-1-oxo-2,4-pentadienyl) piperidine) is responsi-
ble for the pungent taste of black pepper, other pepper species and ginger. Piperine is
widely used in traditional medicine for anti-inflammatory and other beneficial properties
in cancer, type 1 diabetes, inflammatory bowel disease, arthritis, asthma and liver disease
(reviewed in [1–3]). Defining the molecular basis for piperine’s biological activity has been
of interest, both to understand its effects and to more specifically and successfully target
defined effects in the context of modern medicine. Toward this end, over 15 different
piperine molecular targets have been described [3,4], including mediators of altered drug
bioavailability such as P-glycoprotein 1 (P-gp)/multidrug resistance protein 1 (MDR1)
and intestinal CYP3A4 [5], modulators of neurotransmission such as γ-aminobutyric acid
type A (GABAAR) receptors [6] and monoamine oxidase [7], and modulators of inflamma-
tion such as the human vanilloid receptor (TRPV1 channel) [8] and NF-kB [9]. Moreover,
piperine has both direct and indirect effects on mitochondrial function [10,11]. However,
piperine activity at the above targets typically requires micromolar concentrations and its
use is limited by in vivo toxicity [12–14].
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We wondered if previously described effects of piperine on mitochondrial func-
tion [10,11] might result from an interaction with an as-yet-unrecognized pharmaco-
logical target. Piperine has chemical similarities with some recently described novel
small molecules that promote mitochondrial fusion by activating mitofusin (MFN) pro-
teins [15,16]. Mitofusins initiate and mediate reparative mitochondrial fusion, and can
regulate mitochondrial motility and quality control [17]. Thus, the untreatable genetic
peripheral neuropathy Charcot-Marie-Tooth (CMT) disease type 2A, which is caused by
mutations of MFN2, is characterized by abnormally short and hypomotile mitochon-
dria [18,19]. Indeed, mitochondrial fragmentation and dysmotility have been described
in many neurodegenerative conditions, but there are no clinical approaches to directly
address these abnormalities [20]. For this reason, mitofusins have long been regarded as
potential therapeutic targets whose activation could prove beneficial in CMT2A and other
neurodegenerative conditions wherein impairments of mitochondrial fusion or motility are
contributing factors. Here, we evaluated piperine effects on mitofusin-mediated mitochon-
drial elongation and polarization status and synthesized and characterized analogs that
represent a new chemical class of mitofusin activators.

2. Materials and Methods

Detailed compound synthetic methods and chemical validation are in the Supplemen-
tal Materials; Supplemental Figures S1–S11.

Piperine (≥97% pure) was purchased from Sigma-Aldrich, St. Louis MO, USA
(Cat# P49007). Chavicine (95% pure) was re-synthesized by Aurora Fine Chemicals.

Mitochondrial staining and imaging. Mitochondrial fusogenicity was measured
using standard methods [15,16,21]. Briefly, mitochondrial elongation was assessed in Mfn2-
deficient MEFs unless otherwise stated after adding compounds at concentrations ranging
from 0.5 nM–10 µM in DMSO, overnight. Mfn2-deficient MEFs are commonly used to
assay fusogenic activity because they have abnormally short mitochondria at baseline (due
to absence of Mfn2) but respond to mitofusin activation with mitochondrial elongation
mediated by normal endogenous Mfn1. Mitochondria were stained with MitoTracker
Orange (excitation 549 nm, emission 590 nm; 200 nM; M7510; Invitrogen, Carlsbad, CA,
USA). In some studies nuclei were co-stained with Hoechst (excitation 306 nm, emission
405 nm; 10 µg/mL; Invitrogen, Thermo Fisher Scientific Cat: # H3570). Mitochondrial
aspect ratio (mitochondrial length/width) was measured from images acquired at room
temperature on a Nikon Ti Confocal microscope using a 60 × 1.3 NA oil-immersion
objective and analyzed using ImageJ. Compound fusogenicity, quantified as mitochondrial
aspect ratio (mitochondrial length/width), was indexed to the maximal response elicited by
the prototype mitofusin activator 2 [15,16]. Concentration-response curves were generated
using a sigmoidal model in Prism 8 software. EC50 and Emax values and their variances
were calculated from interpolated data of all replicate experiments in a series.

Mitochondrial polarization, which reflects integrity of the oxidative phosphorylation
electron transport chain, was measured in wild-type, Mfn1-null, Mfn2-null, and Mfn1/Mfn2-
double-null MEFs co-stained with Mito-tracker Green and tetra-methyl-rhodamine ester
(TMRE, red). Fully polarized mitochondria stain both green and red (yellow/orange),
whereas depolarized mitochondria fail to take up TMRE and appear green.

Mitochondrial motility in neuronal processes was measured using time-lapse con-
focal microscopy of dorsal root ganglion (DRG) neurons cultured from, or sciatic nerves
explanted from, MFN2 T105M CMT2A mice as previously described [18]. For cultured
DRGs, mitochondria were labelled by transduction with adenovirus-mitochondrial tar-
geted RFP 48h prior to imaging; compounds were added in indicated concentrations ~18h
prior to imaging. For ex vivo analyses of CMT2A mouse neurons, sciatic nerves including
lumbar spine and extending to mid-tibia were excised and maintained briefly in tissue
culture. Sciatic nerve mitochondria were labelled with TMRE (200 nM for 30 min at 37 ◦C)
and visualized using time-lapse confocal microscopy (40 × water objective; 1 frame/5 s
for 15 min). The % motile mitochondria was determined using kymographs generated
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from line-scan confocal images of each frame of the time-lapse video, on which stationary
mitochondria appear as vertical lines and motile mitochondria appear as diagonal lines.

In vitro pharmacokinetic assays. Plasma protein binding, liver microsome stability
and passive artificial membrane permeability assay (PAMPA) studies were performed in du-
plicate by WuXi Apptec Co., Ltd. (Shanghai, China) using standard methods as described
previously [15]. Briefly, compound binding to mouse and human plasma proteins was de-
termined by equilibrium dialysis where % bound = (1 − [free compound in dialysate]/[total
compound in retentate]) × 100. Compound (1 µM) stability in mouse and human liver mi-
crosomes (0.5 mg/mL) after 60 min incubation was determined by LC-MS/MS of extracted
reactants. Passive artificial blood-brain barrier permeability (PAMPA-BBB) was measured
4 h after application of 150 µL of compounds (10 µM) to PVDF membranes coated with 1%
porcine brain polar lipid extract with constant agitation at room temperature. Donor and
acceptor samples were assayed using LC-MS/MS.

Synthetic Schemes. Chemical synthesis of novel compounds was accomplished as
outlined in Synthetic Schemes 1–4. Detailed synthetic methods with NMR, HPLC, and
LC-MS validation for each compound are in the Supplementary Materials.
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Scheme 2. Compound 9. Reagents and conditions: (a) K2CO3, DMF, 80 °C, 1 h. (b) NH2-NH2.H2O, 
DCM, 25 °C, 2 h. (c) HATU, Et3N, THF, 25 °C, 2 h. 
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Scheme 3. Compound 10 Reagents and conditions: (a) THF, 12 h, 25 °C. (b) NaH, DMSO, 2 h, 25 °C. 
(c) TFA, DCM, 2 h, 25 °C. (d) DPPA, Et3N, toluene, 105 °C, 2 h. (e) HATU, Et3N, THF, 25 °C, 12 h. 

Scheme 1. Compounds 3–8: (a) 3–6; (b) 7; (c) 8. Reagents and conditions: (i) HOBt (1.20 eq), EDCI
(1.50 eq), DIEA (2.00 eq), DMF, 16 h, 30 ◦C. (ii) CDI (1.20 eq), TEA (3.00 eq), DMF, 16 h, 30 ◦C.

Chemistry 2022, 4, FOR PEER REVIEW 3 
 

 

line-scan confocal images of each frame of the time-lapse video, on which stationary mi-
tochondria appear as vertical lines and motile mitochondria appear as diagonal lines. 

In vitro pharmacokinetic assays. Plasma protein binding, liver microsome stability 
and passive artificial membrane permeability assay (PAMPA) studies were performed in 
duplicate by WuXi Apptec Co., Ltd. (Shanghai, China) using standard methods as de-
scribed previously [15]. Briefly, compound binding to mouse and human plasma proteins 
was determined by equilibrium dialysis where % bound = (1 − [free compound in dialy-
sate]/[total compound in retentate]) × 100. Compound (1 μM) stability in mouse and hu-
man liver microsomes (0.5 mg/mL) after 60 min incubation was determined by LC-MS/MS 
of extracted reactants. Passive artificial blood-brain barrier permeability (PAMPA-BBB) 
was measured 4 h after application of 150 μL of compounds (10 μM) to PVDF membranes 
coated with 1% porcine brain polar lipid extract with constant agitation at room temper-
ature. Donor and acceptor samples were assayed using LC-MS/MS. 

Synthetic Schemes. Chemical synthesis of novel compounds was accomplished as 
outlined in Synthetic Schemes 1–4. Detailed synthetic methods with NMR, HPLC, and 
LC-MS validation for each compound are in the Supplementary Materials. 

 
Scheme 1. Compounds 3–8: (a) 3–6; (b) 7; (c) 8. Reagents and conditions: (i) HOBt (1.20 eq), EDCI (1.50 
eq), DIEA (2.00 eq), DMF, 16 h, 30 °C. (ii) CDI (1.20 eq), TEA (3.00 eq), DMF, 16 h, 30 °C. 

H2N
O

N
O

O

O

Br
N OH

O

O

9a 9b

(r)
(r)

HO

NH
O

O(r)
(r)

HO

CO2H

2
a

b

c

9

9c

 
Scheme 2. Compound 9. Reagents and conditions: (a) K2CO3, DMF, 80 °C, 1 h. (b) NH2-NH2.H2O, 
DCM, 25 °C, 2 h. (c) HATU, Et3N, THF, 25 °C, 2 h. 

tBuO2C

Ph

O
Ph

S
O

IPh

CO2tBu

HO2C

Ph

P
Ph

PhPh

tBuO2C
+

(r)
(r)

HO

CO2H

a

b

c

e

10a 10b 10c

9c 10

H2N

Ph10d

d (R)
(r)

HO
H
N

O
Ph

 
Scheme 3. Compound 10 Reagents and conditions: (a) THF, 12 h, 25 °C. (b) NaH, DMSO, 2 h, 25 °C. 
(c) TFA, DCM, 2 h, 25 °C. (d) DPPA, Et3N, toluene, 105 °C, 2 h. (e) HATU, Et3N, THF, 25 °C, 12 h. 

Scheme 2. Compound 9. Reagents and conditions: (a) K2CO3, DMF, 80 ◦C, 1 h. (b) NH2-NH2.H2O,
DCM, 25 ◦C, 2 h. (c) HATU, Et3N, THF, 25 ◦C, 2 h.
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Compounds 3–6 were obtained by the condensation reaction between the acids (3a–6a)
and the amine (3b or 6b) with moderate yield (Scheme 1a). Compounds 7 and 8 are
prepared in one step using the commercially available 5-phenylpentylamine 7a as the
substrate (Scheme 1b,c).

Synthesis of compound 9, a linker ether analog of compound 8, used chiral 9c as shown
in Scheme 2. The hydroxylamine 9b was prepared by two-step reaction with moderate yield.
The chiral carboxylic acid 9c is commercially available; the reaction between compound 9b
and the chiral carboxylic acid 9c produced target compound 9.

Compound 10 synthesis is shown in Scheme 3, coupling amine 10d with chiral car-
boxylic acid 9c using HATU in DMF. Amine 10d was synthesized by converting
4-phenylbutanal starting compound to compound 10a via the Wittig reaction. A cyclo-
propane group was introduced to create compound 10b; after deprotecting the -tBu group,
the ester 10b was converted to the acid 10c. The amine 10d was obtained by the reaction
between acid 10c and DPPA.

Syntheses of compounds 11–13, analogs of 10 in which a single methylene in the
alkyl chain is replaced with oxygen, are shown in Scheme 4. Compounds 11a–13a were
prepared by converting to acids 11b–13b under the conditions specified in Scheme 4. DPPA
converted acids 11b–13b to amines 11c–13c. Compounds 11–13 were obtained by the
reaction between amines 11c–13c and 9c.

Statistical methods. EC50 and Emax values are reported as means with 95% confidence
limits or SEM. Intergroup comparisons used t-test, or ANOVA with Tukey’s test for multiple
groups. p < 0.05 was considered significant.

3. Results

Piperine is a mitofusin activator. We noted that the general chemical structure of
piperine (1) is similar to that of a prototype phenylhexanamide small-molecule mitofusin
activator (2; MiM111) [15] (Figure 1). Indeed, 3-dimensional stereochemical modeling
showed similar molecular configurations corresponding to the previously reported mito-
fusin activator pharmacophore model [15]. In both compounds a 6-membered alkyl ring
associated with a carboxamide is connected to a phenyl group or derivative by a 4–5 carbon
linker.

Chemistry 2022, 4, FOR PEER REVIEW 4 
 

 

H2N O Phn (r)
(r)

HO

NH O Ph

O

(r)
(r)

HO

CO2H
nEtO2C O Phn HO2C O Phn

a b c

      n 
11a  :  2
12a :  1
13a :  3

      n 
11b :  2
12b :  1
13b :  3

      n 
11c  :  2
12c :  1
13c :  3

     n 
11  :  2
12 :  1
13 :  3

9c

 
Scheme 4. Compounds 11–13. Reagents and conditions: (a) LiOH.H2O, MeOH, THF/H2O, 70 °C, 2 h. 
(b) DPPA, Et3N, toluene, 105 °C, 2 h. (c) HATU, Et3N, THF, 25 °C, 12 h. 

Compounds 3–6 were obtained by the condensation reaction between the acids (3a–
6a) and the amine (3b or 6b) with moderate yield (Scheme 1a). Compounds 7 and 8 are 
prepared in one step using the commercially available 5-phenylpentylamine 7a as the sub-
strate (Scheme 1b,c). 

Synthesis of compound 9, a linker ether analog of compound 8, used chiral 9c as 
shown in Scheme 2. The hydroxylamine 9b was prepared by two-step reaction with mod-
erate yield. The chiral carboxylic acid 9c is commercially available; the reaction between 
compound 9b and the chiral carboxylic acid 9c produced target compound 9. 

Compound 10 synthesis is shown in Scheme 3, coupling amine 10d with chiral car-
boxylic acid 9c using HATU in DMF. Amine 10d was synthesized by converting 4-phe-
nylbutanal starting compound to compound 10a via the Wittig reaction. A cyclopropane 
group was introduced to create compound 10b; after deprotecting the -tBu group, the es-
ter 10b was converted to the acid 10c. The amine 10d was obtained by the reaction between 
acid 10c and DPPA. 

Syntheses of compounds 11–13, analogs of 10 in which a single methylene in the alkyl 
chain is replaced with oxygen, are shown in Scheme 4. Compounds 11a–13a were pre-
pared by converting to acids 11b–13b under the conditions specified in Scheme 4. DPPA 
converted acids 11b–13b to amines 11c–13c. Compounds 11–13 were obtained by the re-
action between amines 11c–13c and 9c. 

Statistical methods. EC50 and Emax values are reported as means with 95% confidence 
limits or SEM. Intergroup comparisons used t-test, or ANOVA with Tukey’s test for mul-
tiple groups. p < 0.05 was considered significant. 

3. Results 
Piperine is a mitofusin activator. We noted that the general chemical structure of 

piperine (1) is similar to that of a prototype phenylhexanamide small-molecule mitofusin 
activator (2; MiM111) [15] (Figure 1). Indeed, 3-dimensional stereochemical modeling 
showed similar molecular configurations corresponding to the previously reported mi-
tofusin activator pharmacophore model [15]. In both compounds a 6-membered alkyl ring 
associated with a carboxamide is connected to a phenyl group or derivative by a 4–5 car-
bon linker. 

 
Figure 1. Comparative structures of piperine and a prototype mitofusin activator. (top) 2-dimensional 
structures without stereochemistry (ChemDraw). (bottom) 3-dimensional structures representing 
stereochemistry (ChemDoodle). 

Figure 1. Comparative structures of piperine and a prototype mitofusin activator. (top) 2-dimensional
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stereochemistry (ChemDoodle).



Chemistry 2022, 4 659

Published mitofusin activator structure-activity studies suggest that a cyclohexyl or
heterocyclic carboxamide, a defined linker length, and an aromatic group are required for
mitofusin activation. Within limits of the defining pharmacophore model, compounds
with substitutions at the cyclohexyl, linker or phenyl groups retained functional potency
while exhibiting different pharmacokinetic properties [15,16]. It is not known if piperine’s
piperidine amide structure can confer mitofusin stimulating activity.

Murine embryonic fibroblasts (MEFs) deficient in Mfn2 have characteristically short
mitochondria as a consequence of chronically impaired mitochondrial fusion mediated by
Mfn1 alone (Figure 2A). Mitofusin activators, such as 2, promote mitochondrial fusion that
elongates mitochondria in Mfn2-null MEFs (Figure 2A). Piperine (10−6 M) also stimulated
mitochondrial elongation in Mfn2-null MEFs (Figure 2A), reflecting enhanced mitochon-
drial fusion [21]. As with previously described mitofusin activators [15,16], piperine’s
fusogenic activity appeared to slightly decrease at doses >1 µM, which may be attributable
to loss of equipoise between mitofusin conformations, i.e., a propensity to stay in the
unfolded conformation. Piperine’s fusogenic potency (EC50) and efficacy (Emax; maximum
mitochondrial aspect ratio) were comparable to those of 2 studied in parallel (Figure 2B).
Piperine’s isomer chavicine (Supplemental Figure S12) lacked fusogenic activity (Figure 2),
recapitulating stereoisomer-specific mitofusin activation reported for other small molecule
mitofusin activators [15,16].
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Figure 2. Dose-dependent stimulatory effects of piperine on mitochondrial fusion in Mfn2-null MEFs.
(A) Representative confocal images of MitoTracker orange-stained Mfn2-null MEFs after overnight
treatment with DMSO vehicle (1:1000, left) or 1 µM Cpd 2, piperine or chavicine. Insets are enlarged
areas showing detailed mitochondrial morphology. Scale bars are 10 microns. (B) Concentration-
response data for Cpd 2 (n = 8; open circles), piperine (n = 8; closed squares), and chavicine (n = 3;
open squares) to increase mitochondrial length/width (aspect ratio) in Mfn2-null MEFs. Data are
shown as means ± SEM. EC50 with 95% confidence intervals and Emax (% 2) are below.

Mitochondrial elongation stimulated by piperine (100 nM, overnight) was similar
in cells lacking either Mfn1 or Mfn2, but there was no fusogenic response when both
mitofusins were absent (Figure 3, left). Thus, piperine’s fusogenic effects require, and show
equal activity for, Mfn1 or Mfn2. Like other mitofusin activators [15,16], piperine amelio-
rated the loss of mitochondrial polarization, which correlates with respiratory function in
Mfn-deficient cells (Figure 3, right). Piperine caused a modest reduction in mitochondrial
depolarization in cells lacking any mitofusin (Figure 3, right, Mfn 1/2 DKO), confirming
prior reports that piperine can afford some degree of mitochondrial protection through
mitofusin-independent processes [10,11]. Thus, piperine is a potent activator of Mfn1 and
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Mfn2 at concentrations orders of magnitude less than its reported activities at GABA and
vanilloid receptors, monoamine oxidase, and P-glycoprotein [5–8] (Table 1).
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Figure 3. Piperine screening in WT, Mfn1 KO (knockout), Mfn2 KO, and DKO (double knockout) MEFs.
Effects of piperine (100 nM) added to cells overnight were assessed on mitochondrial aspect ratio
(left; MitoTracker Green staining) and depolarization (right; TMRE staining). Each point represents
the average of 8–10 cells from one of three biological replicates. Means ± SEM are shown. p values
used t-test.

Table 1. EC50/IC50 values for piperine at reported targets.

Piperine Target Action EC50/IC50 (nM) Reference

Mitofusin Activator 8 current paper

GABAAR Agonist 52,400 Schoffman J Med Chem

Vanilloid R (TRPV1) Agonist 37,900 McNamara Brit J Pharm

P-gp/MDR1 Inhibitor 15,500; 74,100 Bhardwaj JPET

MAO-A Inhibitor 20,900 Lee Chem Pharm Bull

MAO-B Inhibitor 7000 “

Piperidine derivatives stimulate mitochondrial fusion. Aromatic groups of mito-
fusin activating compounds can be as simple as the phenyl group of 2 or as complex as the
5-cyclopropyl, 4-phenyl-1,2,4 triazole group of the original mitofusin activator chemical
series [15,22]. Here, we retained the simple phenyl groupin combination with the hallmark
piperidine moiety of piperine (3). In this piperidine series, linker flexibility was maximized
with saturated carbon–carbon bonds, and linker size was decreased (4) or increased (5) by a
single carbon to assess the consequences of different functional group spacing (Figure 4). In
6 the hydroxyl group on the piperidine ring was moved from the fourth to the third carbon.

Functional consequences of these chemical modifications were assessed on mito-
chondrial elongation in Mfn2-null MEFs, compared to prototype mitofusin activator
2 [15,16,21]. Like piperine, these novel piperidine analogs promoted mitochondrial fusion
in Mfn2-deficient cells with potencies that changed according to linker length (Figure 5A,B;
Cpds 3–5). Moreover, repositioning the hydroxyl group from carbon 4 to carbon 3 of the
piperidine ring markedly reduced fusogenic activity (Figure 5A,B; Cpd 6); the
2-hydroxypiperidin derivative could not be synthesized.
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triazole group with a simple phenyl ring helped stabilize the molecules, and additional 
stability was conferred by 4-hydroxy modification of the cyclohexyl group as in 2. Com-
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Table 2. Functional and pharmacokinetic properties of piperidine variants.

Compound 2 3 4 5 6

MW 289.4 289.41 275.39 303.44 289.41

EC50 mito elongation
mean (95% CI); nM

8.4
(6.1−11.4)

53.6
(22.4−ND) >10,000 13.9

(8.5−21.8) >10,000

Emax (% of 2) mean ± SEM 95.6 ± 2.9 54.0 ± 2.7 n/a 81.0 ± 3.7 37.0 ± 2.4

Plasma Protein Binding % Bound % Bound % Bound % Bound % Bound

Human 91 95.1 83.7 98.6 96.6

Mouse 96.3 95.7 91.2 98.9 95.9

Liver Microsomes T 1/2 (min) T 1/2 (min) T 1/2 (min) T 1/2 (min) T 1/2 (min)

Human >145 103.3 >145 64.5 60.6

Mouse 92.4 52.5 82.4 26 22.5

PAMPA (Pe) nm/s nm/s nm/s nm/s nm/s

26.277 145.127 96.106 142.782 180.027
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Figure 5. Modulation of mitochondrial fusion by piperidine derivatives. (A) Results of mitochondrial
elongation screening assays performed in Mfn2-null MEFs using 1 µM of each piperidine derivative.
(B) Concentration-dependent mitochondrial elongation of active compounds in Mfn2-null MEFs.
EC50 with 95% CI and Emax values are in Table 2. * = p < 0.05 vsVeh.

Pharmacokinetic properties exhibited by piperidine analogs. The original tria-
zolurea mitofusin activators and their derivatives exhibited a reciprocal relationship be-
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tween hepatic microsome stability (that predicted plasma t 1
2
) vs. passive membrane perme-

ability (that predicted brain bioavailability) [15,22]. This compromised the utility of this
chemical series for in vivo applications. Replacing the 5-cyclopropyl, 4-phenyl-1,2,4 triazole
group with a simple phenyl ring helped stabilize the molecules, and additional stability
was conferred by 4-hydroxy modification of the cyclohexyl group as in 2. Compounds
of this general phenylhexanamide structure exhibited passive membrane permeability,
measured as PAMPA-BBB Pe, between 10 and 30 × 10−6 cm/s [15]. Compared to com-
pound 2, piperidine derivatives had comparable human and mouse plasma protein binding,
but somewhat shorter half-lives in human and mouse hepatic microsome stability assays
(Table 2). Strikingly, the piperidine analogs exhibited markedly increased PAMPA-BBB
Pe, including of ~145 × 10−6 cm/sec for 3 and 5 that showed greatest fusogenic potency
(Table 2).

Amide modifications. In the context of previously described urea- and carboxamide-
based mitofusin activators [15,16,22], the current results with piperidine analogs suggested
positional flexibility for the amide nitrogen in relation to the carbonyl group. To better
understand the functional and pharmacokinetic consequences of amide nitrogen position
we synthesized and characterized carbamide (7) and carboxamide (8) variants of 3 (Figure 6).
Both compounds were markedly more potent and stable than 3, while plasma protein
binding did not meaningfully change. However, both amide variants had lower PAMPA-
BBB Pe values compared to the piperidine (Table 3). Thus, increased potency and stability
of these novel mitofusin activators were mitigated by reduced PAMPA permeability (and
therefore the likelihood of decreased brain and oral bioavailability) when relative positions
of the amide nitrogen and carbonyl groups were altered. Of the three compounds, the
aggregate characteristics of 8 were closest to those of the prototype pharmaceutically
acceptable mitofusin activator, 2 [15].
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Figure 6. Amide variants of compound 3.

Cyclopropyl linker modifications. Compounds 2 and 8 reflect chemical convergence
of structure-function optimization efforts that began with entirely different parents, a
triazolurea and piperine ([15]; current study). Indeed, 2 and 8 differ structurally only in the
relative positions of the amide nitrogen and carboxyl (Figure 6); their fusogenic activity and
pharmacokinetic profiles are also similar (Table 4). It was not surprising that chemically
related compounds had alike characteristics, and this provided an opportunity to leverage
prior SAR information derived from analogs of 2, in which introduction of an ether or
cycloalkyl group into the linker improved 2 passive permeability [15,16]. Accordingly, we
synthesized and characterized variants of 8 having either a linker oxygen (9) or cyclopropyl
group (10) adjacent to the amide nitrogen, corresponding to the most permeant, stable and
potent analogs reported for 2 (Figure 7) [15,16].
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Table 3. Functional and pharmacokinetic properties of amide variants of 3. Values for 3 are duplicated from
Table 2 for comparison.

Compound 3 7 8

MW 289.41 290.4 289.41

EC50 mito elongation
mean (95% CI); nM

53.5
(22.4−ND)

4.7
(2.6−7.9)

13.5
(6.5−25.4)

Emax (% of 2) 54.0 ± 2.7 81.4 ± 4.0 69.4 ± 4.3

Plasma Protein Binding % Bound % Bound % Bound

Human 95.1 91.7 89.3

Mouse 95.7 91.6 92.9

Liver Microsomes T 1/2 (min) T 1/2 (min) T 1/2 (min)

Human 103.3 133.6 >145

Mouse 52.5 94.8 102.1

PAMPA (Pe) nm/s nm/s nm/s

145.127 14.585 30.249

Table 4. Functional and pharmacokinetic properties of 8 linker variants. 2 and 8 values are duplicated from
Tables 2 and 3, respectively, for comparison.

Compound 2 8 9 10 11 12 13

MW 289.4 289.41 291.18 301.2 303.18 289.17 317.2

EC50 mito elongation
mean (95% CI); nM

5.4
(4.1−7.1)

11.2
(6.3−19.2)

30.3
(18.9−47.2) >10,000 10.6

(6.3−17.2)
10.8

(6.2−18.0)
27.0

(17.1−40.6)

Emax (% of 2) 94.3 ± 2.4 91.5 ± 5.1 65.4 ± 2.7 n/a 94.3 ± 4.7 75.6 ± 4.5 86.1 ± 3.3

Plasma Protein Binding % Bound % Bound % Bound % Bound % Bound % Bound % Bound

Human 91 89.3 68.51 89.13 46.48 37.36 62.95

Mouse 96.3 92.9 unstable 95.34 72.14 63.93 77.92

Liver Microsomes T 1/2 (min) T 1/2 (min) T 1/2 (min) T 1/2 (min) T 1/2 (min) T 1/2 (min) T 1/2 (min)

Human >145 >145 10.3 >145 >145 >145 >145

Mouse 92.4 102.1 3.8 77.8 >145 >145 >145

PAMPA (Pe) nm/s nm/s nm/s nm/s nm/s nm/s nm/s

26.277 30.249 10.1 50.9 5.43 2.28 10.5

It is remarkable how much the consequences of linker modifications of 8 differed
from the analogous modifications reported for 2: The carbamate analog of 2 had an EC50
for mitochondrial elongation of 6 nM, a t1/2 in human liver microsomes of 131 min., and
PAMPA-BBB Pe of 210 × 10−6 cm/sec [15]. By comparison, 9, which had a slightly higher
EC50, was unstable in the liver microsome assay and had much lower membrane perme-
ability (Table 4). Moreover, the cyclopropyl linker analog of 2 had an EC50 of 5 nM, t1/2
in human liver microsomes of >145 min., and a PAMPA-BBB Pe of 58 × 10−6 cm/sec [16],
whereas the analogous 8 cyclopropyl linker analog, 10, with comparable pharmacokinetics,
had poor mitofusin-stimulating activity (Table 4, Figure 8). These results emphasize how
chemical backbone/linker structure can be a major factor determining the pharmaceutical
properties of mitofusin activators
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Figure 8. Fusogenicity dose response curves for compounds reported in Tables 3 and 4. (A) 3, 7, and 8 from
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There are no published data on how the combination of oxygen- and cycloalkyl-
substituted linkers affects mitofusin activators. Accordingly, 11, 12 and 13, incorporating
both modifications and differing only in linker size, were synthesized and characterized
(Figure 7, Table 4). As previously observed, compound linker length determined fusogenic
potency. In this series the longer linker, 13, lost potency (Table 4). However, the major effects
of incorporating an oxygen and cyclopropyl group into the linker were on pharmacokinetics.
Compared to 8, the ether linkages in 9 reduced plasma protein binding and PAMPA-BBB Pe.
Also, the cyclopropyl group in 10 increased PAMPA-BBB vs. 8. Combining ether/cycloalkyl
linkers in 11, 12 and 13 did not improve compound pharmaceutical characteristics.

Effects on mitochondrial motility in CMT2A neurons. As introduced above, Charcot-
Marie-Tooth disease type 2A (CMT2A) is an untreatable progressive peripheral neuropathy
caused by mutations of MFN2 [19,23,24]. Neurodegeneration in CMT2A is thought to
result from a combination of impaired mitochondrial fusion and reduced mitochondrial
motility in neuronal axons [20,25,26]; pharmacological mitofusin activation could be a
potential disease-altering therapy for this condition. Here, because the piperidine 5 and
the carboxamide 8 exhibited the most favorable combinations of in vitro functional and
pharmacokinetic properties from their respective series, we examined their effects on
mitochondrial motility in CMT2A.

Dorsal root ganglion (DRG) neurons were isolated from mice carrying a flox-stop
transgene encoding the human CMT2A mutant MFN2 T105M; neuronal expression of
MFN2 T105M in these mice recapitulates seminal features of clinical CMT2A, including
a marked reduction in the proportion of motile mitochondria from the normal value of
~20% to ~5% [18]. As previously reported [18], 2 (100 nM for 48 h) reversed mitochon-
dria dysmotility in MFN2 T105M DRGs (Figure 9A). Compounds 5 and 8 added at the
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same concentration and for the same time period showed equivalent positive effects on
mitochondrial motility (Figure 9A).
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cultured DRGs from MFN2 T105M Mice. (left) Group data. Each point is a different neuron, from
two independent CMT2A mouse preparations; p values are from ANOVA. (right) representative
kymographs of the different treatment groups. Top is raw data; bottom emphasizes motile mito-
chondria. (B) Experiments in explanted sciatic nerves from MFN2 T105M mice. (left) Group data
before and 30 min after topical application of 1 µM indicated compound; p values are from t-test.
(right) representative kymographs, as in (A).

Finally, we evaluated mitochondrial motility stimulation by 5 and 8 in axons of
sciatic nerves explanted from MFN2 T105M flox-stop mice co-expressing motor-neuron-
specific Cre recombinase. Topical application of a mitofusin activator to CMT2A sciatic
nerves previously normalized mitochondrial motility within 30 min [22]. Here, 8 (1 µM)
reproduced this effect, whereas 5 (1 µM) failed to evoke any significant increase in the
proportion of motile mitochondria (Figure 9B). The ability of mitofusin activator 5 to
stimulate mitochondrial motility in cultured murine CMT2A neurons, but not in ex vivo
CMT2A mouse nerves, might be due to poor ability of the compound to access neurons
through the intact nerve myelin sheath.

4. Discussion

Here, we report that piperine is a potent mitofusin activator at low nanomolar con-
centrations. Piperine stimulated mitochondrial fusion at concentrations multiple orders of
magnitude lower than its reported effects on other known targets [27]. By implication, some
of the reported biological activities of piperine, particularly those related to mitochondrial
function or cellular metabolism [10,11], may be the consequence of mitofusin activation
rather than other proposed mechanisms.

Mitochondrial fusion is a reparative process that maintains metabolic fitness by lim-
iting the detrimental effects of mitochondrial DNA mutations or enzyme wear-and-tear
that accumulate over time. In short, mitochondrial fusion helps prevent organelle senes-
cence [17,28]. As mitochondrial dysfunction in some neurodegenerative and cardiac
diseases might be causally linked to loss of mitochondrial fusion [20,29,30], there has
been an effort to identify pharmacological means to promote reparative mitochondrial
fusion and transport. Thus, leflunomide reportedly transcriptionally enhances mitofusin
expression and 4-chloro-2-(1-(2-(2,4,6-trichlorophenyl)hydrazineylidene)ethyl)phenol is
fusogenic [31,32], but micromolar EC50 values for both of these compounds limit their
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clinical utility. Peptides and first-in-class small molecules that activate mitofusins through
allosteric mechanisms were more potent, but had unfavorable pharmaceutical character-
istics [15,21,22]. Indeed, the only pharmaceutically acceptable small-molecule mitofusin
activators previously described are 6-phenylhexanamide derivatives [15,16].

The original triazolurea and second generation phenylhexanamide small-molecule
mitofusin activators (and by inference piperine and its derivatives reported herein) report-
edly increase mitofusin activity by disrupting peptide–peptide bonds that enforce a closed
protein conformation unfavorable for mitochondrial fusion and transport [21,22,33,34]. This
mechanism mimics the natural regulatory pathway in which the same MFN peptide–peptide
interactions are modulated via phosphorylation/dephosphorylation reactions [35] and
may explain lack of measurable toxicity for these compounds in cultured cells [15]. Like-
wise, phenylhexanamides, which can be given in vivo, have shown no adverse effects in
mice [15,16,18]. Nevertheless, there are no published safety data in higher species and
mitofusin activation has not been evaluated in human subjects. It is therefore important to
identify new chemical classes of mitofusin activators, such as those described herein, as
alternates to advance in case currently available compounds exhibit adverse effects. More-
over, expanding the universe of small-molecule mitofusin activators to include structurally
diverse compounds exhibiting a spectrum of pharmacokinetic and pharmacodynamic
properties will be central to properly evaluating the therapeutic potential of mitofusin
activation beyond CMT2A. Thus, in addition to providing a plausible mechanism for
mitochondrial and metabolic effects of piperine, the discovery that piperine and other
piperidine compounds act as potent mitofusin activators is a foundational observation that
can help establish a chemical framework for the possible development of novel mitofusin
activators with new pharmaceutical properties.

Mitofusin activation represents the first potentially translatable means by which
the novel and desirable therapeutic approach of enhancing mitochondrial dynamics can
be evaluated in pre-clinical in vivo disease models. While CMT2A is the prototypical
human disease caused by mitochondrial dynamic dysfunction, it is worth considering other
applications for mitofusin activators. Mitochondrial fragmentation from impaired fusion
or increased fission (or both) is a hallmark of such genetically and etiologically dissimilar
neurological diseases as amyotrophic lateral sclerosis [36] and Huntington’s disease [37],
and mitochondrial damage caused in part by loss of mitofusin activity is thought to mediate
chemotherapy-induced peripheral neuropathy [38,39]. Beyond the neurological system,
mitofusin dysregulation is implicated in ischemic injury of the heart [40] and abnormalities
of skin pigmentation [41,42].

The evolution of the novel compounds described herein leveraged chemical features
of piperine, newly identified as a mitofusin activator, with lessons learned during the
development of phenylhexanamide mitofusin activators [15]. It is notable that chemical
modifications that improved the pharmaceutical properties of the latter (2) had strikingly
different consequences in the reverse carboxamide (8) backbone described here. Indeed,
ether, cyclopropyl and combined derivatives of 8 impaired PAMPA permeability except
for 10, which lacked meaningful fusogenic activity. By contrast, an analogous cyclopropyl
derivative of 2 was previously identified as a potent, stable and longer-acting mitofusin ac-
tivator suitable for pre-clinical evaluation [16]. Together with these published findings, the
current results indicate that the amide position, while not itself critical to mitofusin activator
functionality, can determine the consequences of secondary chemical modifications.

One other observation from the current study merits brief discussion. The dissociation
of mitochondrial motility response for 5 in cultured neurons vs. intact nerves, while
seemingly paradoxical, can be explained by impaired delivery of the compound across
myelin sheaths and into neuronal axons. Myelin is produced by Schwann cells, which are
not present in cultured DRG neuron preparations. Inability of a mitofusin activator to reach
neurons would be a critical defect for treating CMT2A, but this characteristic might be
useful for other clinical applications noted above. In a clinical context where the drug target
is not the nervous system, avoiding potentially undesirable collateral effects of activating
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mitofusins in neurons (such as mitochondrial hyper-motility that could possibly affect
neuronal metabolism) would be consistent with the overall therapeutic goal.

Supplementary Materials: The following supporting information can be downloaded at: https:
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