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Non-alcoholic steatosis and non-alcoholic steatohepatitis
(NASH) are liver pathologies characterized by severe metabolic
alterations due to fat accumulation that lead to liver damage,
inflammation, and fibrosis. We demonstrate that the voltage-
dependent anion channel 1 (VDAC1)-based peptide R-Tf-D-
LP4 arrested steatosis and NASH progression, as produced by a
high-fat diet (HFD-32) in a mouse model, and reversed liver pa-
thology to a normal-like state. VDAC1, a multi-functional mito-
chondrial protein, regulates cellular metabolic and energetic
functions and apoptosis and interacts with many proteins.
R-Tf-D-LP4 treatment eliminated hepatocyte ballooning degen-
eration, inflammation, and liverfibrosis associatedwith steatosis,
NASH, and hepatocarcinoma, and it restored liver pathology-
associated enzyme and glucose levels. Peptide treatment affected
carbohydrate and lipid metabolism, increasing the expression of
enzymes and factors associated with fatty acid transport tomito-
chondria, enhancingb-oxidation and thermogenic processes, yet
decreasing the expression of enzymes and regulators of fatty acid
synthesis. The VDAC1-based peptide thus offers a promising
therapeutic approach for steatosis and NASH.

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is characterized by exces-
sive abnormal accumulation of fatty acids and triglycerides within the
hepatocytes of non-alcohol users. NAFLD and the progressive state,
non-alcoholic steatohepatitis (NASH), are the most common causes
of abnormal liver function.1 About 20%–30% of the general popula-
tion in the western world suffers from NAFLD.2 Prevalence is further
increased in patients with type 2 diabetes (T2D),3 and it is commonly
associated with obesity and cardiovascular disease.4 NASH represents
a spectrum of disorders, including inflammation, hepatic fibrosis, a
severe form of liver fibrosis-cirrhosis, and hepatocellular carcinoma
(HCC).4 Various NASH mouse models have been reported, yet
most do not replicate the full spectrum of human NASH.5 Onemouse
model that depicts liver pathology from steatosis to NASH to HCC
with a pre-diabetic background is the steatosis-NASH high-fat diet
(HFD)-32/Stelic animal model (STAM).6

Various studies of hepatosteatosis have shown that mitochondria play
a prominent role in disease pathogenesis.7 Mitochondria can influ-
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ence cell fate at the levels of energy production, lipid metabolism,
production and detoxification of reactive oxygen species (ROS),
and apoptotic and necrotic hepatocyte cell death induction. The
voltage-dependent anion channel 1 (VDAC1), found in the outer
mitochondria membrane (OMM), has been identified as a dynamic
regulator of global mitochondrial function under normal physiolog-
ical conditions and disease states.8–10 VDAC1 regulates the flux of
metabolites and ions between mitochondria and cytoplasm, linking
energy and signaling pathways in mitochondria and other cell
compartments, and it also participates in apoptosis. Accordingly,
VDAC1 function or dysfunction is associated with various
diseases.8–10

VDAC1 is involved in cholesterol transport and was proposed to be
part of a complex mediating the transport of fatty acids across the
OMM.11,12 Specifically, VDAC1 serves as an anchoring site for
long-chain acyl-CoA synthetase (ACSL), associated with the outer
surface of the OMM, and for carnitine palmitoyltransferase 1a
(CPT1a), which faces the intermembrane space (IMS). It is thought
that the long-chain fatty acyl-CoA formed by ACSL is transferred
across the OMM by VDAC1 to the IMS, where CPT1a converts the
acyl CoA into long-chain fatty acyl-carnitine.11,12 Acyl-carnitine
crosses the inner mitochondria membrane (IMM) by carnitine or
acylcarnitine translocase (CACT), converts back into acyl-CoA by
IMM-associated CPT2, and subsequently undergoes b-oxidation in
the matrix. Furthermore, the GSK3-mediated VDAC1 phosphoryla-
tion state is correlated with steatosis severity, with that status control-
ling OMM permeability in hepatosteatosis.13

Interacting with many proteins, VDAC1 is considered a hub
protein.10,14 The VDAC1 interactome includes metabolism-,
apoptosis-, signal transduction-, DNA-, RNA-, and anti-oxidation
related proteins.10,14 Given the roles played by VDAC1 in cell
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Figure 1. R-Tf-D-LP4 Peptide-Mediated Inhibition of

Steatotic Liver Pathology in an HFD-32 Mouse

Model

(A) Schematic presentation of the course of steatosis

development induced by an HFD-32 diet and peptide

treatment initiation. (B–D) Livers from mice fed chow

(normal diet [ND]), HFD-32, or HFD-32 and treated with

R-Tf-D-LP4 (14 mg/kg) from weeks 6–8 by intravenous

(i.v.) injection of 100 mL 0.8% DMSO in HBSS (control) or

with R-Tf-D-LP4 in HBSS every 2 days. The final blood

DMSO concentration was 0.07% in control and peptide-

treated mice. Mice were then sacrificed, and livers were

removed, photographed (B), and weighed (C). Results are

means ± SEM (n = 10; **p % 0.01, ***p % 0.001).

Representative liver sections were stained with H&E (D) or

oil red O (E).
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metabolism and apoptosis and its regulation by many interacting
partners, modulating such interactions by VDAC1-based peptides
represents a potential therapeutic for treating liver metabolic disor-
ders, such as NAFLD. Accordingly, we have designed VDAC1-based
peptides targeting these interactions.15,16 One of these peptides, R-Tf-
D-LP4, was selected for this study.

R-Tf-D-LP4 comprises a VDAC1-derived sequence defined as LP4
fused to a cell-penetrating peptide, the human transferrin receptor
(hTfR) recognition sequence HAIYPRH (Tf).17 Transferrin receptor
2 (TfR2) is highly expressed in hepatocytes.18 The amino acids of
the VDAC1-derived sequence are in the D-configuration,16 allowing
higher bioavailability, and they are less immunogenic than the
corresponding L-peptides.17 In the retro-inverso peptide R-Tf-D-
LP4, the direction of the peptide bond is reversed, allowing side-
chain topology similar to that of the original L-amino acid
peptide.17
Molecu
Here, using the HFD-32-fed steatosis-NASH-
HCC/STAM mouse model, we demonstrated
that the cell-penetrating VDAC1-based pep-
tide R-Tf-D-LP4 largely eliminated all
steatosis- and NASH-associated pathogenesis,
including ballooning degeneration (cell
injury), inflammation, hepatic fibrosis, as
well as HCC.19 These effects resulted from
the peptide affecting carbohydrate and lipid
metabolism via alterated expression of the
liver transcriptional program and moduation
of mitochondrial proteins mediating import
of long-chain fatty acyl-CoAs.

RESULTS
In this study, we employed the steatosis-
NASH-HCC/HFD-32-STAM mouse model6

to study the effects of the VDAC1-based pep-
tide R-Tf-D-LP4 on steatosis and NASH
pathology. This model sequentially depicts
the liver pathology of NAFLD to NASH to HCC against a pre-dia-
betic background.20

R-Tf-D-LP4 Inhibits Steatosis

To study the effects of the peptide on steatosis, mice were fed a high-
fat diet (HFD-32) from weeks 5–8 after the STZ injection. In the last
3 weeks, the mice were treated with Hank’s balanced salt solution
(HBSS) (control) or R-Tf-D-LP4 peptide (14 mg/kg) (Figure 1A).
Mice provided with a regular chow diet (normal diet [ND]) served
as controls. Body weight of the HFD-32-fed, peptide-treated mice
was slightly decreased (Figure S1A). Once sacrificed, the removed
livers showed an increase of �43% in liver weight in the HFD-32-
fed mice that was attenuated upon peptide treatment by 86% (Figures
1B and 1C), which was also reflected in the liver:body weight ratio
(Figure S1B). Abdominal visceral fat mass in the HFD-32-fed mice
was increased 3-fold relative to ND-fed mice. This value was
decreased by 50% in the peptide-treated group (Figure S1C). Half
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Figure 2. R-Tf-D-LP4 Peptide-Mediated Inhibition of

Inflammation and Fibrosis Activation in Steatosis in

an HFD-32-Fed Mouse Model

Representative sections of livers from ND, HFD-32, and

HFD-32-fed mice treated with R-Tf-D-LP4 (14 mg/kg) at

steatosis, stained with H&E for ballooning degeneration

and inflammation (A) and for the macrophage F4/80

marker by IF (B) and showing quantification of the per-

centage of the F4/80-stained area (C). (D) qRT-PCR

analysis of mRNA levels of inflammation-related molecule

in livers from ND-fed (black bars); HFD-32-fed (dark gray

bars); and HFD-32-fed, peptide-treated (light gray bars)

mice. Results are means ± SEM (n = 3–5; **p % 0.01,

***p % 0.001). Immunoblot (E) and quantitative (F) anal-

ysis of TGF-b in livers from ND-fed (black bars); HFD-32-

fed (dark gray bars); and HFD-32-fed, peptide-treated

(light gray bars) mice. b-actin served as an internal loading

control. (G andH) Representative liver sections fromHFD-

32-fed and HFD-32-fed, peptide-treated mice stained

with Sirius red (G) and anti-a-SMA antibodies (H). (I) and

(J) show quantification of the percentages of the a-SMA-

(I) and Sirius red-stained areas (J). Arrows point to major

results presented in the image.
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of each liver was then fixed in formalin and the second half was frozen
for further histopathological, imunoblotting, or qPCR analysis.

Morphological changes and fat accumulation were evaluated on form-
aldehyde-fixed, paraffin-embedded liver sections using H&E and Sirius
red or oil red O staining of sections obtained from freshly frozen liver.

H&E-stained liver sections from HFD-32-fed mice displayed signs of
steatosis, characterized by fat droplet accumulation that was highly
1850 Molecular Therapy Vol. 27 No 10 October 2019
reduced in peptide-treated mice (Figure 1D).
Liver sections from HFD-32-fed mice, but not
those treated with the peptide or from regular
ND-fed mice, stained with oil red O showed
high staining of fat droplets that occupied liver
cells (Figure 1E).

Livers from HFD-32-fed mice displayed
ballooning cell accumulation with a wispy clear
cytoplasm, characteristic of steatosis. Peptide
treatment greatly reduced the number of
ballooning cells (Figure 2A). Ballooning-related
hepatocyte degeneration is associated with he-
patocyte senescence and cell death.21 H&E
staining also showed inflamed regions in
HFD-32-fed mouse livers that were highly
reduced in HFD-32-fed, peptide-treated mice
(Figure 2A).

Immunofluorescent (IF) staining of liver sec-
tions for F4/80 demonstrated reduced numbers
of macrophages in liver sections derived from
HFD-32-fed, peptide-treated mice (Figure 2B), as also shown by
quantification of the percentage of the F4/80-stained area (Figure 2C).
Moreover, in HFD-32-fed mice, inflammation in the liver, as reflected
in the increased (4- to 5-fold) mRNA levels of pro-inflammatory
genes such as interleukin (IL)-1b and IL-6, was reduced in peptide-
treated mice to the same levels as seen in ND-fed mouse livers.

Levels of tumor necrosis factor alpha (TNF-a) were similar in the
three groups, while protein and mRNA levels of transforming growth
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factor b (TGF-b), essential for fibrotic activity, were increased (2- to
3-fold) in HFD-32-fed mice; these were reduced upon peptide treat-
ment (Figures 2D–2F).

To analyze fibrosis, liver sections from HFD-32-fed mice with or
without peptide treatment were stained for collagen with Sirius red
or with antibodies against a-smooth muscle actin (SMA), a fibrosis
marker (Figures 2G and 2H). The HFD-32 group showed Sirius red
staining, pointing to the presence of collagen, reflecting fibrosis. In
the livers of peptide-treated mice, Sirius red staining was decreased
and restricted to the perisinusoidal space, as in healthy livers (Fig-
ure 2G). Quiescent hepatic stellate cells (HSCs), when activated by
pathological conditions, differentiate into fibrotic cells expressing
a-SMA, collagen 1, and desmin, and they secrete collagen, resulting
in cirrhosis.22 In the HFD-32-fed mice, HSCs expressed large
amounts of a-SMA (Figure 2H) that was highly reduced in R-Tf-
D-LP4-treated mice, as also shown by quantification of the percent-
age of the a-SMA- or Sirius red-stained areas (Figures 2I and 2J),
pointing to attenuated fibrotic progression.

The NAFLD activity score (NAS), performed as previously
described23 for both the steatosis and NASH stages, analyzing steato-
sis, ballooning, inflammation, and fibrosis, is presented in Table S1.

The results show that peptide treatment decreased the NAS from
7.3 ± 0.16 to 3.1 ± 0.1 in the steatosis stage and from 9.6 ± 0.15 to
4.4 ± 0.17 in the NASH stage, which also included fibrosis. Thus, pep-
tide treatment decreased the NAS by 58% and 55% in steatosis and
NASH, respectively.

We compared intravenous and intramuscular peptide administration
to HFD-32-fed mice, and we found similar effects on steatosis,
ballooning degeneration of hepatocytes, inflammation, and fibrosis
(Figures S1D and S1E).

Finally, peptide treatment of HFD-32-fed mice reduced liver damage,
reflected in blood functional markers and cholesterol and triglyceride
levels, all reduced to levels similar to those of ND-fed mice (Figure S2).

Effects of R-Tf-D-LP4 Treatment on Lipid Metabolism in HFD-

32-Fed Mice

The effects of R-Tf-D-LP4 on the expression levels of proteins
associated with lipid transport and metabolism, synthesis, and
b-oxidation were revealed by immunohistochemistry (IHC), immu-
noblotting, and qPCR (Figure 3). Peptide treatment increased the ex-
pressions of the OMM anchored CPT1a, transferring the fatty acyl
groups of acyl-CoA to carnitine to form acyl-carnitine24 (Figures
3A–3D); PPAR-g (peroxisome proliferator-activated receptor g)
(Figures 3A, 3C, and 3E), involved in regulating fatty acid b-oxida-
tion; and PPAR-a (Figure 3E). Expression levels of the uncoupler pro-
teins UCP1 and UCP2, associated with thermogenic respiration, were
also increased in livers from HFD-32-fed, peptide-treated mice (2.65-
and 4.8-fold at the protein level and 26.5- and 3-fold at the mRNA
level, relative to their levels in ND-fed mice, and 1.8- and 2.4-fold
at the protein level and 24.1- and 1.3-fold at the mRNA level, when
comparing to the values seen in HFD-32; Figures 3A, 3C, and 3F).

The expression of the transcription activator of PPAR-g, PPARg co-
activator (PGC1a), was also increased over 5.6-fold (Figure 3E).
PGC1a is a transcription factor involved in mitochondrial biogenesis
and fatty acid oxidation that acts by regulating other transcription
factors, and it is an essential protein in the regulation of lipid meta-
bolic processes, such as high oxidative capacity.25 mRNA levels of
ACSL1 andACSL5, present in the OMM and catalyzing the formation
of acyl-CoAs from fatty acids, were also increased 5- to 6-fold in livers
of HFD-32-fed, peptide-treated mice (Figure 3D). mRNA levels of
acyl-CoA dehydrogenase long chain (ACADL) and 3-hydroxyacyl-
CoA dehydrogenase (HADH), involved in b-oxidation, were un-
changed (Figure 3D).

In contrast to the peptide-induced increased expression of fatty acid
oxidation-related genes, those associated with lipid synthesis were
increased in the HFD-32-fed mice and decreased below the levels
seen in ND-fed mice in HFD-32-fed, peptide-treated mice (Figures
3G–3I). These included sterol regulatory element-binding protein-
1A (SREBP1A) and SREBP1C, acetyl-CoA carboxylase1 (ACC1),
ACC2, acyl-CoA desaturase1 (SCD1), elongation of very long-chain
fatty acid protein 6 (ELOVL6), and fatty acid synthase (FAS) (Figures
3G–3I). These findings suggest that peptide treatment of HFD-32-fed
mice at the steatosis stage increased mitochondrial fatty acid uptake,
b-oxidation, and thermogenic respiration while inhibiting fatty acid
synthesis.

Effects of R-Tf-D-LP4 on Carbohydate Metabolism in HFD-32-

Fed Mice

NAFLD pathogenesis is associated with metabolic changes involving
increased glucose uptake by liver cells, which is utilized for glycogen
and lipid synthesis.26 The liver carbohydrate metabolic features of
ND-fed; HFD-32-fed; and HFD-32-fed, peptide-treated mice were
analyzed by IHC, qPCR, and immunoblotting (Figure 4).

HFD-32-fed mice showed high expression levels of glucose trans-
porter 1 (Glut-1) that were reduced upon peptide treatment (Figures
4A and 4B). However, mRNA levels of Glut-2 and Glut-4 were highly
increased (3.8- and 19.3-fold, respectively) in HFD-32-fed, peptide-
treated mice (Figure 4C). Expression levels of the glycolytic enzymes
glyceraldehyde dehydrogenase (GAPDH) and lactate dehydrogenase-
A (LDH-A), the Kreb’s cycle enzyme citrate synthase (CS), VDAC1,
and ATP synthase-5a, as analyzed by IHC, qPCR, and immunoblot-
ting, were also increased upon peptide treatment of HFD-32-fed mice
(Figures 4A–4D). Sirtuin1 and 6 (SIRT1 and SIRT6) expressions were
highly increased in HFD-32-fed, peptide-treated mice (Figures 4D
and 4E). SIRT1 targets metabolic processes via deacetylating regula-
tory transcription factors.27 The level of phosphorylated AMP-acti-
vated protein kinase (p-AMPK) was decreased in HFD-32-fed
mice, but it highly increased when mice were treated with the peptide
(Figure 4F). AMPK is an energy-sensor28 and a key regulator of fatty
acid and cholesterol biosynthesis and lipid metabolism, acting as an
Molecular Therapy Vol. 27 No 10 October 2019 1851
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Figure 3. R-Tf-D-LP4 Peptide Treatment of HFD-32-

Fed Mice Altered Liver Lipid Metabolism and

Steatosis Pathology

(A) Immunoblots of several proteins in livers from ND-fed;

HFD-32-fed; and HFD-32-fed, peptide-treated mice. (B)

IHC of CPT1 with the relative intensity (n = 3 liver sections)

is presented in parentheses. (C) Immunoblot quantitative

analysis. (D) qRT-PCR analyses of mRNA of proteins

associated with lipid metabolism in livers from ND-fed

(black bars); HFD-32-fed (dark gray bars); and HFD-32-

fed, peptide-treated (light gray bars) mice. Transcription

factors and co-activators involved in lipid metabolism

regulation (E) and mRNA levels of UCP1 and

UCP2, associated with thermogenic respiration (F), were

analyzed in the same groups of mice as above. (G) qRT-

PCR analysis of mRNA levels of proteins associated with

lipid biosynthesis in livers from ND-fed (black bars); HFD-

32-fed (dark gray bars); and HFD-32-fed, peptide-treated

(light gray bars) mice. Results are means ± SEM (n = 3–5;

*p % 0.05, **p % 0.01, ***p % 0.001). Immunoblot (H)

and quantitative analysis (I) of ACC1 and FAS. b-actin

served as the loading control.
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upstream kinase of ACC and 3-hydroxy-3-methyl-glutaryl-CoA
reductase (HMGR).29

R-Tf-D-LP4 peptide was found to induce apoptotic cell death in
liver19 and other cancers.30 No cell death was found in liver sections
derived from the HFD-32-fed mice with or without peptide treatment
(Figure 4G).

R-Tf-D-LP4 Inhibits NASH-Associated Pathologies

NASH is characterized by fat droplets occupying hepatocytes,
ballooning degeneration of hepatocytes, and expanded fibrosis in the
liver parenchyma.20 For NASH, mice were HFD-32 fed in weeks
5–11, and, in the last 3 weeks, they were untreated or treated with
R-Tf-D-LP4 (14 mg/kg) (Figure 5A). At the end of week 11, the
1852 Molecular Therapy Vol. 27 No 10 October 2019
mice were sacrificed, and livers were photo-
graphed (Figure 5B), weighed (Figure 5C), and
then fixed or frozen for further proccesing. Livers
fromHFD-32-fed mice were yellow and weighed
1.6-fold more than livers from chow-fed mice or
those when peptide treated (Figures 5B and 5C).
Similarly, abdominal visceral fat mass in HFD-
32-fed mice was 2.6-fold higher than in ND-fed
mice. This value was decreased by �50% in
HFD-fed, peptide-treated mice (Figure S3C).

Liver sections from HFD-32-fed mice showed
accumulated fat droplets. These were highly
decreased in the peptide-treated group, as visu-
alized by H&E (Figure 5D) or oil red O staining
(Figure 5E). No cell death was seen in peptide-
treated or untreated, HFD-32-fed mouse livers
(Figure 5F). As in steatosis, serum biochemical
analyses of HFD-32-fed mice at the NASH stage showed increased
fatty liver marker levels, with peptide treatment bringing them close
to those of chow-fed mice (Figures S3D–S3L).

In liver sections from HFD-32-fed mice, ballooned hepatocyte
morphology and inflammation were clearly observed, but they were
highly reduced in HFD-32-fed, peptide-treated mice (Figure 6A).
Macrophages were mobilized to inflammation sites in HFD-32-fed
mice, as identified by F4/80 staining (Figure 6B) and quantification
of the percentage of the F4/80-stained area (Figure 6C). mRNA levels
for pro-inflammatory genes, IL-1b, TNF-a, and IL-6 (Figure 6D), and
anti-inflammatory pro-fibrotic TGF-b (Figure 6E) were increased in
HFD-32-fed mice, yet they were reduced by the peptide to levels close
to those in chow-fed mice.



Figure 4. R-Tf-D-LP4 Peptide Treatment of HFD-32-

Fed Mice at the Steatosis Stage Altered the

Expression of Metabolism-Related Enzymes

(A) Representative IHC staining of proteins mediating

glucose transport (Glut-1), glycolysis (GAPDH, LDH-A),

mitochondria metabolite transport (VDAC1), and

OXPHOS (ATP synthase-5a) in liver sections from ND-fed

mice and HFD-32-fed mice with and without peptide

treatment. (B) Quantification of IHC staining intensity. (C)

qRT-PCR analysis of the glucose transporters Glut-1,

Glut-2, and Glut-4 in the 3mouse groups. Immunoblot (D)

and quantitative analysis (E) of metabolism-related en-

zymes and SIRT1 and SIRT6. Results are means ± SEM

(n = 3–5; **p % 0.01, ***p % 0.001). (F) Immunoblot and

quantitative analysis of phosphorylated AMPK (p-AMPK).

RU represents relative unit. (G) Terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL) staining of

liver sections fromHFD-32-fed and HFD-32-fed, peptide-

treated mice. b-actin served as a loading control.
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Livers from HFD-32-fed mice, but not when treated with the peptide,
showed high levels of collagen, a sign of fibrosis, as revealed by Sirius
red (Figures 6G–6I) and Masson’s trichrome (Figure S4) staining.
Similarly, staining of liver sections from HFD-32-fed mice with
anti-a-SMA antibodies revealed high staining of HSCs, while in
HFD-32-fed, peptide-treated mice, a-SMA was detected solely in
the perisinusoidal space, as in healthy liver (Figures 6F and 6H).

R-Tf-D-LP4-Mediated Effects on Carbohydrate and Fat

Metabolism in NASH

As in steatosis, themetabolic features of HFD-32-fedmice at theNASH
stage showed high expression levels of Glut-1 that were decreased in
HFD-32-fed, peptide-treated mice (Figure 7A). Peptide treatment
Molecu
increased Glut-4 mRNA levels from an �2-fold
decrease in HFD-32-fed mice to an about 3-fold
increase (Figure 7A). The expression levels of
VDAC1, GAPDH, LDH-A, and ATP synthase-
5a were slightly increased in the HFD-32-fed
mice, and they were further increased upon pep-
tide treatment (Figures 7B, 7C, and S5A–S5D).
Interestingly, IHC staining of liver sections for
LDH-A revealed a nuclear localization (Figures
S5A and S5B). Hexokinase (HK)-I and HK-II
levels were found to increase in HSCs (Figures
S5E andS5F), reported toadopt aerobic glycolysis
during activation, including higher glucose con-
sumption and increased HK activity.31 Finally,
SIRT1 and SIRT6 expression levels were
increased 3- to 4-fold (Figures 7B and 7C), while
that of p-AMPK rose �3-fold (Figure 7D) in
HFD-32-fed, peptide-treated mice.

The peptide also affected fatty acid and choles-
terol metabolism at the NASH stage. Immuno-
blotting of proteins associated with lipid metabolism, such as CPT1a
and PPARg, and their quantitative analysis demonstrated increased
expression in the livers of HFD-32-fed mice that was further
increased upon peptide treatment, as in steatosis (Figures 8A, 8B,
8D, and 8E).

The expression levels of UCP1 and UCP2, associated with thermo-
genic respiration, were dramaticaly increased in the peptide-treated
mice, 3- and 5-fold at the protein level and 26.5- and 3.0-fold at the
mRNA level, relative to ND-fed mice, and 2- and 3.7-fold at the
protein level and 11- and 1.8-fold at the mRNA level, relative to
the levels seen in HFD-32-fed mice (Figures 8A–8C). Expression
levels of PPARg and PGC1a, involved in regulating lipid metabolic
lar Therapy Vol. 27 No 10 October 2019 1853
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Figure 5. R-Tf-D-LP4 Peptide Treatment of HFD-32-

Fed Mice Inhibits NASH Liver Pathology

(A) Schematic presentation of NASH development as

post-steatosis induced by an HFD-32 diet and peptide

treatment. The experiment was carried out as in Figure 1

except that mice were fed with HFD-32 for 8 weeks

(weeks 5–12) and treatment with the peptide was started

at the beginning of week 9 for 3 weeks. Control mice were

injected i.v. every 2 days with 100 mL HBSS containing

0.8% DMSO or R-Tf-D-LP4 (14 mg/kg). The final blood

DMSO concentration was 0.07% in control and peptide-

treated mice. At the end of week 12, the mice were

sacrificed, and livers were photographed (B) and weighed

(C). Results are means ± SEM (n = 10; *p % 0.05,

***p % 0.001). (D) Representative H&E-stained liver sec-

tions from ND-fed; HFD-32-fed; and HFD-32-fed, pep-

tide-treated mice. (E) Liver sections as in (D) were stained

with oil red O. (F) TUNEL staining of liver sections from

HFD-32-fed and HFD-32-fed, peptide-treated mice.
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processes, were increased (Figures 8A, 8B, and 8E). ACSL1 and
ACSL5 levels were also increased 3- to 4-fold in the livers of
HFD-32-fed, peptide-treated mice (Figure 8F). mRNA levels of
ACADL and HADHa (hydroxyacyl-CoA dehydrogenase/3-ke-
toacyl-CoA thiolase/enoyl-CoA hydratase, alpha subunit), involved
in b-oxidation, were slightly increased in livers from HFD-32-fed
mice, and they were further increased upon peptide treatment
(Figure 8F).

In contrast to the increased expression of proteins associated with
fatty acid oxidation elicited by peptide treatment, those associated
with lipid synthesis were decreased (Figures 8G–8I). SREBP1A,
SREBP1C, ACC1, ACC2, SCD1, and ELOVL6 levels were all
increased 2- to 3-fold in the HFD-32-fed mice, and they decreased
to the levels seen in the ND-fed mice following peptide treatment
1854 Molecular Therapy Vol. 27 No 10 October 2019
(Figures 8G–8I). The expression of FAS was
also decreased upon peptide treatment (Figures
8G and 8H).

Finally, the mRNA levels of the nuclear bile acid
receptor, farnesoid X receptor (FXR), were
highly increased in HFD-32-fed mice at the
NASH stage, with peptide treatment restoring
FXR levels to those of ND-fed mice (Figure 8I).
FXR regulates glucose, lipid, and energy meta-
bolism,32 while activated FXR negatively regu-
lates liver triglycerides and cholesterol.33

R-Tf-D-LP4-Mediated Effects on Glycogen

Levels and Metabolism

As glucose stored as glycogen may further
contribute to hepatic steatosis by diverting excess
carbohydrates into fatty acids by the de novo lipo-
genesis pathway (DNL),34 we analyzed the levels
of glycogen and glycogen metabolism-related enzymes in the HFD-
32-fedmicewithout andwith peptide treatment (Figure S6). The results
showed that, at both the steatosis andNASHstages, glycogen levelswere
decreased in the HFD-32-fedmice, while the peptide increased them to
the levels inND-fedmice (Figures S6A–S6D). Enzymes associated with
glycogen metabolism, namely glucose-6-phosphate phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase (PEP-CK), were
increased in the HFD-32-fed, peptide-treated mice over their levels in
ND- or HFD-fed mice. On the contrary, the expression levels of pyru-
vate carboxylase (PCX) and fructose bisphosphatase (FBPase), both
supporting gluconeogenesis, were increased in HFD-32-fed mice, but
they decreased in such mice treated with the peptide (Figures S6E and
S6F). These results suggest that, in HFD-32-fed mice, glycogen is syn-
thesizedandused in theDNLand that this processwas inhibitedbypep-
tide treatment, in which case carbohydrates and fat were oxidized.



Figure 6. R-Tf-D-LP4 Peptide-Mediated Inhibition of

Inflammation and Fibrosis Activities and Enhanced

Metabolism in a NASH Mouse Model

(A) Representative H&E staining of liver sections fromHFD-

32-fed mice at the NASH stage, untreated or treated with

R-Tf-D-LP4 (14 mg/kg), showing hepatocyte ballooning

degeneration and inflammation. (B and C) Staining of the

macrophage marker F4/80 in liver sections from HFD-32-

fed and HFD-32-fed, peptide-treated mice. (B) IF staining

shows arrows pointing to major results presented in the

image. (C) Quantification of the percentage of the F4/80-

stained area. (D) qRT-PCR analysis of mRNA levels of

inflammation-related molecule in livers from chow-fed

mice (black bars) and HFD-32-fed mice untreated (dark

gray bars) or treated with R-Tf-D-LP4 peptide (light gray

bars). (E) Immunoblot analysis of TGF-b with the relative

band intensity presented in relative units (RUs). (F and G)

Representative liver sections from HFD-32-fed mice un-

treated or peptide treated and stained with anti-a-SMA

antibodies (F) or Sirius red (G), with arrows pointing to

major results presented in the image. Quantification of the

a-SMA (H) and Sirius red-stained areas (I). Results are

means ± SEM (n = 10; *p % 0.05, ***p % 0.001).
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R-Tf-D-LP4-Mediated Effects on Physiological Parameters of

the HFD-32/STAM Mouse Model and Metabolic Cages

The effects of the peptide on the metabolic parameters of
HFD-32-fed mice at steatosis were also evaluated by indirect calo-
rimetry using metabolic cages. Heat production (EE [energy
expenditure]), respiratory exchange ratio (RER), oxygen consump-
tion ratio, and carbon dioxide production (CDP) were evaluated
(Figures S7A–S7E). Rates of EE were 10%–20% higher in HFD-
Molecu
32-fed, peptide-treated mice, as compared to
HFD-32-fed mice (Figure S7A).

The RER value for HFD-32-fed mice was �0.7
and decreased to about 0.6 in peptide-treated
mice (Figure S7B), indicating a higher use of
fat in the HFD-32-fed mice. Oxygen consump-
tion rate (OCR) and CDP levels were also
increased in HFD-32-fed, peptide-treated mice
(Figures S7C and S7D), reflecting respiratory-
based metabolism. Peptide treatment had no ef-
fect on locomotor activity (Figure S7E), led to a
slight increase in food intake (Figures S8A and
S8B), and increased water consumption (Fig-
ure S8C). The results suggest that HFD-32-fed
mice, when treated with the peptide, utilized
fat and produced more heat.

VDAC1 Interactions with CPT1a and ACSL1

Suggest a Mechanism for Increased

b-Oxidation

CPT1a and CPT2 contribute to fatty acid
oxidation by mediating the transport of acyl-
CoA formed by ACSL1 via its conversion into acyl-carnitine by
CPT1a and then by CPT2 to acyl-CoA for oxidation in the matrix.
CPT1a, ACSL1, and VDAC1 were reported to form a complex.11

To confirm the presence of such a complex, rat liver-isolated mito-
chondria were solubilized under gentle conditions using b-octyl
glucoside (OG), and they were subjected to two-step column chro-
matography in the presence of OG (Figures 9A and 9B). CPT1a,
ACSL1, and VDAC1 were identified in the same fractions, along
lar Therapy Vol. 27 No 10 October 2019 1855
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Figure 7. R-Tf-D-LP4 Peptide Treatment Increased

Carbohydrate Metabolism in HFD-32 Mice at the

NASH Stage

(A) qRT-PCR analysis of mRNA levels of Glut-1, Glut-2, and

Glut-4 in chow-fed mice (black bars) and HFD-32-fed mice

untreated (dark gray bars) or treated with R-Tf-D-LP4 (light

gray bars). Immunoblot (B) and quantitative analysis (C) of

metabolism-related proteins and SIRT1 and SIRT6. (D)

Immunoblot of phosphorylated AMPK (p-AMPK), with

the relative band intensity presented in relative units (RUs)

(n = 3). b-actin served as an internal loading control.

Results are means ± SEM (n = 3–5; *p% 0.05, **p% 0.01,

***p % 0.001).
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with CPT2, localized in the IMM24 (Figure 9A). Size-exclusion
chromatography revealed a complex with an estimated molecular
mass of �420 kDa (Figure 9B). As the expected mass of the com-
plex is 272 kDa, it would appear that some proteins are present in
more than a single copy. The presence of CPT2 in the complex
suggests that the complex is enriched at OMM-IMM contact sites
(Figure 9E).

Next, we used the in situ proximity ligation assay (PLA)35 to visu-
alize endogenous protein-protein interactions between VDAC1-
CPT1a, CPT1a-ACSL1, and VDAC1-ACSL1 (Figures 9C and 9D).
These complexes were present in the liver sections of ND-fed
mice, with a signal similar to that in HFD-32-fed mice. However,
HFD-32-fed, peptide-treated mice showed a strong signal for each
of the three protein pairs (i.e., VDAC1-CPT1a, CPT1a-ACSL1,
and VDAC1-ACSL1) in both steatosis and NASH, suggesting an in-
crease in the amounts of the complex. This is in agreement with the
highly increased expression levels of VDAC1, CPT1a, and ACSL1 in
the livers of HFD-32-fed, peptide-treated mice (Figures 3, 4, 7, 8,
and S5). As a control, we performed PLA with VDAC1 and CS,
located in the matrix. Although their expressions were increased
in the HFD-32-fed, peptide-treated mice, no increased PLA signal
was observed, in line with their localization in two different com-
partments (Figure S9).

DISCUSSION
Chronic liver disease represents a significant public health problem
worldwide, with viral hepatitis and NAFLD affecting about 20% of
the general population.1 NAFLD can result in cirrhosis, leading to
liver failure. Currently, there is no effective treatment, and many pa-
tients end up with a progressive form of the disease, eventually
requiring a liver transplant.
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Here we demonstrated that the VDAC1-based
peptide R-Tf-D-LP4 dramatically reduced patho-
physiological features related to steatohepatitis
and/or NASH that developed in an HFD-32/
STAM mouse model. This mouse model dis-
played the metabolic, histological, and clinical
endpoints of human steatosis and/or NASH.
HFD-32-fed mice developed steatohepatitis,
with fat droplet accumulation in hepatocytes, ballooning degenera-
tion, scattered inflammatory cell infiltration, fibrosis, and hyperglyce-
mia, seen in HFD-32-fed mice and reduced in R-Tf-D-LP4-treated
mice.

Fibrous scars in liver change the physiological architecture of hepatic
tissues, affecting normal liver function.36 Stellate cell activation and
differentiation into fibrotic cells, as reflected by a-SMA and TGF-b
expressions, were reduced in HFD-32-fed, peptide-treated mice.
The peptide also reduced inflammatory macrophages and the expres-
sions of cytokines (IL-1b and IL-6) in livers from HFD-32-fed mice.

Remarkably, in mice continuously fed HFD-32, the peptide not only
stopped the progression of the diseases when treatment started at the
steatosis, NASH, or HCC stages19 but also reversed liver physiology
and anatomy to a state similar to ND-fed mice. The VDAC1-based
peptide eliminated or highly reduced numerous indicators of liver
pathogenesis mediated via regulating fat and carbohydrate meta-
bolism, leading to an altered transcriptional program (see below).

The VDAC1-Based Peptide Altered Carbohydrate and Lipid

Metabolism in the Livers of HFD-32-Fed Mice

The peptide affected both carbohydrate and lipid metabolism in
HFD-32-fedmouse livers. This was reflected in the peptide decreasing
serum triglycerides, body fat, and hepatocyte fat droplets and
increasing hepatocyte glycogen accumulation in HFD-32-fed mice.
The peptide stimulated catabolic pathways, such as mitochondrial
lipid transport and fatty acid oxidation, carbohydrate metabolism,
and thermogenesis while inhibiting lipid synthesis. The increased
fat metabolism and energy expenditure following peptide treatment
was also reflected in the physiological parameters of the mice, as re-
vealed in the metabolic cage studies and the altered expression of



Figure 8. R-Tf-D-LP4 Peptide-Mediated Lipid

Metabolism Reprogramming in HFD-32 Mice at the

NASH Stage

Proteins extracted from liquid nitrogen-frozen liver ob-

tained from HFD-32-fed mice untreated or peptide

treated (14 mg/kg) at the NASH stage were subjected to

immunoblotting (A) and quantitative protein analysis (B).

(C) UCP1 and UCP2 mRNA levels were analyzed in

mRNA isolated from frozen livers by qRT-PCR of chow-

fed mice (black bars) and untreated (dark gray bars) or

peptide-treated HFD-32-fedmice (light gray bars). (D) IHC

of CPT1a in liver sections from HFD-32-fed mice un-

treated (control) or treated with R-Tf-D-L4 peptide, with

the relative intensity (n = 3 liver sections) presented in

parentheses. (E and F) qRT-PCR analysis of mRNA levels

of proteins, factors, and co-activators involved in lipid

metabolism and regulation in chow-fed mice (black bars)

and HFD-32-fed mice untreated (dark gray bars) or

treated with R-Tf-D-LP4 peptide (light gray bars). Proteins

associated with lipid metabolism (E) or involved in fatty

acid transport (F). Immunoblot (G) and quantitative anal-

ysis (H) of proteins related to lipid biosynthesis in livers

from HFD-32-fed mice untreated (dark gray bars) or

treated with R-Tf-D-LP4 peptide (light gray bars). b-actin

served as a loading control. (I) mRNA levels of lipid syn-

thesis-associated proteins in chow-fed mice (black bars)

and HFD-32-fed mice untreated (dark gray bars) or

treated with R-Tf-D-LP4 peptide (light gray bars).

Results are mean ± SEM (n = 3–5; *p% 0.05, **p% 0.01,

***p % 0.001).
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genes and proteins associated with lipid and carbohydrate meta-
bolism. For example, the increased catabolic processes upon peptide
treatment were reflected in the increased expression of UCP1 and
UCP2 proteins associated with thermogenic respiration and high wa-
ter consumption. In this respect, the capacity to increase energy
expenditure in response to caloric excess, referred to as diet-induced
thermogenesis (DIT), was proposed as a defense against diet-induced
obesity.37 UCP1 is thought to drive DIT and is critical for thermal ho-
meostasis, as mice lacking UCP1 show induced obesity and abolished
DIT37 and are sensitive to acute cold exposure.38

Glycogen synthesis and degradation are highly regulated processes
contributing to glucose homeostasis. Glycogen levels in HFD-32-
fed mice were decreased, and peptide treatment increased the levels
to that of ND-fed mice, in agreement with the peptide increasing
Glut-2 and, dramatically so, Glut-4 mRNA levels. Generally,
Molecu
Glut-4, an insulin-dependent glucose trans-
porter, is not expressed in liver, although
glucose stimulates Glut-4 expression in rat he-
patocytes.39 Elevated Glut-4 expression in liver
cells should increase glucose uptake into hepa-
tocytes and, thus, glycolysis. Indeed, the expres-
sions of GAPDH and LDH-A were increased in
the livers of HFD-32-fed, peptide-treated mice.
Moreover, the nuclear location of LDH-A is associated with the regu-
lation of SIRT1 activity (see below).

Taken together, our results suggest that the peptide increases glucose
and fat metabolism.

Peptide-Altered Lipid and Carbohydrate Metabolism Is

Mediated via Alterations in the Liver Transcriptional Program

Cell metabolic state and gene expression are tightly linked, with
the dynamic interface of cellular metabolism and gene expression
mediated by bioenergetic pathways and enzymes providing meta-
bolic cofactors for epigenetic regulation of gene expression.40 Our
results suggest that the global effects of the peptide on the liver pa-
thology, as induced by HFD-32, are mediated via reprogrammed
metabolism, inducing alterations in the liver transcriptional pro-
gram. Peptide treatment of HFD-32-fed mice increased liver
lar Therapy Vol. 27 No 10 October 2019 1857
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Figure 9. Purification of a VDAC1/CPT1a/ACSL1

Complex and Peptide Treatment of HFD-32-Fed

Mice Increase Complex Levels and Association

(A) Immunoblot of complexed VDAC1, CPT1a, ACSL1,

and CPT2 isolated from rat liver mitochondria using

reactive red agarose (RRA). (B) Sephacryl S-200

chromatography with absorbance at 280 nm (pre-

sented as mAU) of elution fractions is shown, and the

inset shows immunoblots of the peak fractions as

functions of the elution volume (Vol). (C and D) Liver

sections from HFD-32-fed mice untreated and peptide

treated (14 mg/kg) at the steatosis (C) or NASH (D)

stage were subjected to in situ PLA to test for in-

teractions between VDAC1 and CPT1a or CPT1a and

ACSL1 or VDAC1 and ACSL1 (see the Supplemental

Materials and Methods). DAPI-stained nuclei are

shown. (E) Schematic presentation of proposed mode

of peptide-mediated increased b-oxidation in steatosis

and NASH, as induced by an HFD-32 diet. The com-

plex ACSL1/VDAC1/CPT1a and CPT2 is modified by

the VDAC1-derived peptide. (a) VDAC1 serves as an

anchoring site for ACSL1, associated with the outer

surface of the OMM, and CPT1a, which faces the IMS.

The acyl-CoA formed by ACSL1 is transferred across

the OMM by VDAC1 to the IMS, where CPT1a converts

it into acyl-carnitine that is transported by CACT into

the matrix, where it is converted back into acyl-CoA via

IMM-associated CPT2 and, subsequently, undergoes

b-oxidation in the matrix. (b) The VDAC1-based pep-

tide serves as a decoy, interacting with CPT1a and/or

ACSL1 such that their interaction with VDAC1 is

modified, leading to increased fatty acid translocation

to the mitochondria, thereby increasing b-oxidation.

The presence of CPT2 in the purified complex sug-

gests the direct channeling of fatty acids from the

cytosol to the matrix for b-oxidation.
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expression of genes and proteins involved in fatty acid transfer to
mitochondria, fatty acid oxidation, and thermogenic respiration, at
both the steatosis and NASH stages. Moreover, the levels of genes
and proteins engaged in fatty acid and glycogen synthesis were
reduced.

The levels of SIRT1 and SIRT6, key enzymes in transcriptional
regulation, were highly increased. SIRT1 activity is linked with
metabolic homeostasis through its ability to deacetylate target pro-
1858 Molecular Therapy Vol. 27 No 10 October 2019
teins.27 In response to low nutritional avail-
ability, SIRT1 functions as a master switch
to maintain lipid and glucose homeostasis,
insulin secretion, and energy balance by
regulating important metabolic regulators,
such as SREBP1C, PGC1a, and forkhead
box protein O1 (Foxo-1).41 Thus, peptide-
induced SIRT1 overexpression is in line
with the downregulation of SIRT1 in mouse
liver, increasing the expressions of lipo-
genic genes and decreasing the expressions
of genes involved in fatty acid b-oxidation and bile acid
biosynthesis.42

SIRT1-mediated deacetylation of SREBP1C inhibits its activity.41

SREBP1C is a key transcription factor that regulates genes in the
de novo lipogenesis and glycolysis pathways and contributes to liver
steatosis and insulin resistance.43 The expressions of SREBP1C and
SREBP1A (dominantly expressed in liver) were increased in livers
from HFD-32-fed mice, while peptide treatment decreased their
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expressions, in line with the inhibition of their pro-lipogenesis
effects.43

SIRT1-signaling activation has been shown to protect mice from high
saturated fat diet-induced steatosis and inflammation through inhib-
iting fatty acid biosynthesis while promoting fatty acid b-oxidation44

and activating AMPK.45 Similar effects were induced by the peptide in
HFD-32-fed mice. AMPK is a central regulator of cellular meta-
bolism, transcription factors and their co-activators, and histones to
regulate gene expression, leading to metabolic reprogramming and
cell survival.46 p-AMPK levels were decreased by the peptide in
HFD-32-fed mice but increased 2-fold over the level in ND-fed
mice. AMPK, via phosphorylation, converts ACC into the inactive
form that promotes fatty acid biosynthesis and steatosis while inhib-
iting fatty acid b-oxidation.47 Both ACC1 and ACC2 levels were
increased in HFD-32-fed mice and decreased by the peptide below
their levels in ND-fed mice. This, together with their possible inacti-
vation via increased p-AMPK, suggests that the peptide inhibits fatty
acid biosynthesis and steatosis and stimulates fatty acid b-oxidation.

Metabolic reprogramming in response to glucose and fatty acid avail-
abilities is also controlled by PGC1a. PGC1a is indirectly involved in
lipid metabolism, with hepatic overexpression of PGC1a leading to
increased fatty acid b-oxidation and reduced triacylglycerol accumu-
lation.25 Moreover, fatty liver is associated with impaired activity of
PGC1a levels.48 Thus, our finding of increased PGC1a mRNA levels
in the livers of peptide-treated mice agrees with the above and with
our findings of fatty acid oxidation and reduced fatty acid accumula-
tion in the liver.

SIRT1 deacetylation of PGC1a increases its activity, which enhances
the expressions of metabolic genes involved in hepatic gluconeogen-
esis, b-oxidation, and mitochondrial functions.49 The highly
increased levels of PGC1a (6-fold) and of SIRT1 induced by the pep-
tide are expected to increase PGC1a deacetylation, thereby stimu-
lating fatty acid oxidation.

Another target of SIRT1, the FXR, negatively regulates liver triglycer-
ides and cholesterol,33 thereby regulating hepatic lipid metabolism.50

FXR levels were increased in the livers of HFD-32-fed mice, and they
were reduced by the peptide to levels seen in chow-fed mice.

Peptide treatment of HFD-32-fedmice increased the expression levels
of PPARg and the PPARg co-activator PGC1a, which is also acti-
vated by SIRT1-mediated deacetylation. This, in turn, activates
PPARg. Peptide activation of PPARg is in agreement with the find-
ings that, in patients with NASH, the PPARg agonist pioglitazone im-
proves steatosis and reduces liver inflammation and fibrosis51 and
that overexpression of PPARg attenuated steatohepatitis.52 Indeed,
many PPARg-activating drugs have been developed.53

SIRT6 expression levels were also increased in HFD-32-fed, peptide-
treated mice. SIRT6, like SIRT1, regulates liver metabolism, re-
flected in the finding that hepatic Sirt6-knockout (KO) mice develop
liver steatosis.54 In addition, ablation of SIRT6 in adipocytes leads to
hyperglycemia, insulin resistance, obesity, hepatic steatosis, and
reduced thermogenesis in mice.55 At the same time, transgenic
mice overexpressing SIRT6 and fed an HFD are less sensitive to
diet-induced obesity and insulin resistance.56 SIRT6 expression is
positively correlated with the expressions of genes associated with
b-oxidation, such as CPT1a, and negatively correlated with the ex-
pressions of genes associated with lipogenesis, such as ACC1, FAS,
and SCD1,54 or involved in cholesterol synthesis, such as SREBP.57

These observations correlate with our results showing that the pep-
tide reduced the expression levels of the above genes in HFD-32-
fed mice.

Finally, the presence of metabolic enzymes in the nucleus has been
recognized as an important mechanism linking metabolic flux to
the regulation of gene expression.58 LDH-A is expressed in the liver
and was detected in the nucleus,59 where it generates NAD+ required
by the NAD+-dependent deacetylase SIRT1.60 Peptide treatment of
HFD-32-fed mice highly increased LDH-A expression levels and
also induced its translocation into the nucleus, where SIRT1 is
located, thus indirectly activating SIRT1.

These findings further demonstrate the link between cell metabolic
alteration induced by the peptide in HFD-32-fed mice and gene
expression associated with inhibited fatty acid biosynthesis and stea-
tosis and stimulated fatty acid b-oxidation.

VDAC1, Steatosis, NASH, and Their Inhibition by the VDAC1-

Based Peptide: Proposed Mode of Peptide Action

A lack of VDAC1 led to mitochondria that no longer oxidize fatty
acids, and a VDAC1 inhibitor inhibited the oxidation of palmitate.61

In addition, it is proposed that VDAC closure produces steatosis both
in alcoholic steatohepatitis (ASH) and NASH.62,63 Here we showed
that VDAC1-based peptide treatment led to increased b-oxidation.

Lipids are oxidized primarily in the mitochondria via b-oxidation,
which begins with mitochondrial import of long-chain fatty acyl-
CoAs. It was proposed that the long-chain fatty acyl-CoA formed
by ACSL at the outer surface of the OMM is transferred via
VDAC1 to the IMS, where CPT1a, also at the OMM but facing the
IMS, converts the molecule into long-chain fatty acyl-carnitine that
then crosses the IMM to reach the matrix, with such transport being
mediated by CACT. Once in the matrix, the long-chain fatty acyl-
carnitine is converted back into a long-chain fatty acyl-CoA by
CPT2.11,12 Once restored to acyl-CoA in the matrix, b-oxidation
occurs (Figure 9E).

Here we purified large complexes containing CPT1a, ACSL1/5, and
VDAC1 located in the OMM/IMS and CPT2 at the IMM with a mo-
lecular mass of 415 kDa, higher than the expected 272 kDa for a com-
plex containing a single copy of each protein. The presence of CPT2
in the complex suggests that the complex provides a shuttle for fatty
acids from crossing the OMM-IMM contact site and reaching the
matrix (Figure 9E).
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The PLA reporting protein-protein interactions at single-molecule
resolution64 confirmed the close proximity of CPT1a, ACSL1, and
VDAC1. Moreover, in peptide-treated mice, the levels of these
proteins were increased, leading to enhanced complex formation
(as reflected in the PLA), which subsequently increases fatty acid
transport to the mitochondria. We propose that the peptide serves
as a decoy, interacting with CPT1a and/or ACSL1 such that their
interaction with VDAC1 is modified, leading to their partial
detachment from VDAC1, thus rendering the channel being
more accessible to fatty acid transport (Figure 9E), and in agree-
ment with the proposal that VDAC closure produces steatosis.62,63

This, in turn, leads to increased fatty acid translocation to the
mitochondria, thereby increasing b-oxidation (Figure 9E), as man-
ifested by decreased hepatocyte fat levels, increased expression of
enzymes related to lipid oxidation and thermogenesis, and the
metabolic cage results.

To conclude, a cell-penetrating VDAC1-based peptide was found to
be an effective treatment for liver NAFLD pathology, as developed
in the HFD-32/STAM, recapitulating the various phenotypes of
NAFLD. Given the dramatic effects of the peptide on fat accumula-
tion in these mice, with increased expressions of fatty acid oxida-
tion-related proteins and reduced levels of fatty acid synthesis-related
proteins, together with the metabolic cage results, we suggest that the
R-Tf-D-LP4 peptide inhibits steatosis and NASH by increasing fatty
acid oxidation (Figure 9E) via alterations in the liver transcriptional
program. In addition, the decreased glycogen levels in the HFD-fed
mice, relative to peptide-treated or ND-fed mice, suggest that these
mice perform de novo lipogenesis,34 which was decreased upon pep-
tide treatment. The results point to the VDAC1-based peptide ad-
dressed here as a potential novel strategy for treating steatosis and
NASH.

MATERIALS AND METHODS
See the Supplemental Materials and Methods for details.

Peptide Synthesis and Preparation

R-Tf-D-LP4 peptide (KWTWK-216-NSNGATWALNVATELKK-
199-EWTWSHRPYIAH), comprising 34 residues in D-configuration
(except the underlined Tf sequence),16 was prepared (Supplemental
Materials and Methods).

Steatosis-NASH-HCC STAM Mouse Model and Dietary

Interventions

Steatosis-NASH-HCC model mice were obtained as described pre-
viously6 and detailed in the Supplemental Materials and Methods.
Mice were intravenously treated three times a week with R-Tf-D-
LP4 (14 mg/kg) for 3 weeks, from weeks 6–8 for steatosis and
from weeks 9–11 for NASH. Livers were removed, and part was
frozen in liquid nitrogen for immunoblotting and qPCR analysis,
while the other part was fixed and used for immunostaining (Sup-
plemental Materials and Methods). Experimental protocols
used were approved by the Institutional Animal Care and Use
Committee.
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Biochemical Analysis

Serum biochemical liver function markers, fat metabolism status, and
blood glucose levels were measured (Supplemental Materials and
Methods).

Fat Staining with Oil Red O, IHC, Immunofluorescence, and

Immunoblotting Analyses of Liver Tissue

These were carried out as described in the Supplemental Materials
and Methods. Images were captured using a confocal microscope
(Olympus 1X81) or a light microscope (Leica DM2500).

Glycogen Level Measurement

Glycogen amounts in livers derived from ND-fed; HFD-32-fed;
and HFD-32-fed, peptide-treated mice were determined using two
different methods (Supplemental Materials and Methods).

RNA Preparation and Real-Time PCR

These were carried out as described in the Supplemental Materials
and Methods.

CPT1-ACSL1-VDAC1 Complex Purification

CPT1 was purified from freshly isolated rat liver mitochondria by col-
umn chromatography using reactive red-agarose and Sephacryl S-200
columns (Supplemental Materials and Methods).

Proximity ligation assay (PLA)

VDAC1-CPT1a, VDAC1-ACSL1, and CPT1a-ACSL1 interactions
were analyzed using a PLA35 (Supplemental Materials and Methods).

Assessing Metabolic Parameters Using Metabolic Cages

Metabolic parameters such as O2 consumption, CO2 production, en-
ergy expenditure, and locomotor activity of HFD-32-fed mice with
and without peptide treatment were assessed using metabolic cages
(Supplemental Materials and Methods).

Statistics and Data Analysis

The mean ± SEM of results obtained from at least three independent
experiments is presented. The significance of differences was calcu-
lated by a two-tailed Student’s t test and is reported as *p < 0.05,
**p < 0.01, or ***p < 0.001. Significance was also analyzed using a
non-parametric Mann-Whitney U test to compare control and exper-
imental groups, using GraphPad Prism 7.04 software.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2019.06.017.
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