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ABSTRACT: Liver fibrosis can progress to cirrhosis and hepatocellular carcinoma. Currently, there is no effective drug for liver
fibrosis. The peptide 6 (T6) is an endogenous peptide derived from human intrauterine adhesion tissues and has antifibrotic
potential. Here, to improve the long-term efficacy and activity of T6, we conducted the rational modified of T6 through studying
structure—activity, and synthesized a series of analogues. Among them, S6 and S6-FA exhibited optimal antihepatic fibrosis activity,
and S6-FA had a stronger long-acting effect than T6 and S6. The two analogues inhibited the expression of @-SMA and Collagen 1 in
TGEF-f-induced LX2 cells model and CCl,-induced mouse model of liver fibrosis. Besides, we discovered that S6 and S6-FA
remarkably reduced the AST and ALT serum levels. Mechanistic studies have demonstrated that analogues inhibited liver fibrosis
through inhibiting Erk, Smad and P65 pathways. This study provided that the novel peptide S6 and S6-FA is potential candidate

compounds for treating liver fibrosis.

B INTRODUCTION

Liver fibrosis is a pathological change in the process of chronic
liver disease, primarily characterized by the excessive deposition
of extracellular matrix (ECM) produced by activated hepatic
stellate cells (HSCs), leading to alterations in liver structure and
functional impairment.'~* The occurrence and development of
liver fibrosis are associated with various factors, such as chronic
viral hepatitis, alcoholic liver disease, nonalcoholic fatty liver
disease, and autoimmune hepatitis.”° If liver fibrosis persists, the
necrosis and apoptosis of normal liver parenchymal cells lead to
the continuous accumulation of extracellular matrix, eventually
forming cirrhosis, and may even cause portal hypertension or
liver cancer, leading to liver failure."”” Hence, it represents an
important stage in the progression of various chronic liver
diseases to cirrhosis.” It has been reported that approximately
1% of the global population is affected by liver fibrosis, resulting
in more than 2 million deaths worldwide due to complications
related to fibrosis/cirrhosis.”' Currently, it is of immediate
importance to identify effective agents for the treatment of liver
fibrosis.

As key biological mediators, peptides have been widely used in
the treatment of a variety of diseases, including cancer, diabetes,
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osteoporosis, multiple sclerosis, HIV infection and chronic pain,
because of their remarkable activity, high selectivity and low
toxicity.'"'> Therefore, there are many bioactive peptides in
preclinical studies with potential to treat fibrosis."”'* Ac-SDKP,
an endogenous short peptide produced by the continuous
hydrolysis of thymosin 4 through endopeptidase-ar and prolyl
oligo-peptidase, has a negative regulatory role in the develop-
ment of liver fibrosis."> Recombinant truncated latency-
associated peptide alleviates liver fibrosis by inhibiting TGF-
B/Smad pathway.'® Recently, Ying and co-workers found that
the peptide 6 (T6) (peptide sequence:
TFGGAPGFPLGSPLSSVFPR), an endogenous peptide in
patients intrauterine adhesion tissues, which inhibited the cell
fibrosis in TGF-f1-induced human endometrial stromal cell line
and primary human endometrial stromal cell.'” TGF-f is a
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Figure 1. Characterization of the peptides. (A) Western blot analysis of FN and COL1al expression level in TGF-f-induced LX2 cells treated with
different concentrations of peptide T6 (1 = 3). (B) Alanine scanning mutagenesis of T6 and corresponding peptides against inhibited the expression of
FN and COL1al, as measured by Western blot assay. (C) Western blot analysis of FN and COL1a1 expression in a TGF-f-induced cell model treated
with 10 #M analogues (n = 3). Data are represented as mean + SEM *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All compounds are
>95% pure by HPLC analysis.
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Figure 2. Analysis of the properties of truncated peptides and the conformation of T6-S. (A) Names and sequences of truncated peptides. (B-E)
Western blot analysis of FN and COL1a1 expression level in TGF-f-induced LX2 cells treated with different concentrations of short peptide (n = 3).
(F) Optimal structures of T6-S in water generated from MD simulations. (G) Peptide T6-S targeting mitochondrial membrane for fluorescence
confocal microscopy. Data are represented as mean + SEM **P < 0.01, ***P < 0.001 and ****P < 0.0001. All compounds are >95% pure by HPLC
analysis.
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promoter of fibrotic diseases via activating HSCs and liver
ﬁbrogenesis.18 Therefore, we asked whether T6 could have a
functional impact on liver fibrosis.

The main problems in the development of peptides include
poor stability, short half-life, high plasma clearance and low drug
formation.'”” In order to overcome the above drawbacks,
scientists have developed a number of peptide modification
strategies, including natural or unnatural amino acid sub-
stitutions, C-terminal amidation, cyclization, fatty acid mod-
ification.”” An earlier study has demonstrated that exchanged
the lysine at position 29 of the B chain of insulin with the proline
residue to obtain the modifier, which can reduce the stability of
the oligomeric form and make insulin dissociate more quickly
and enter the circulation system to achieve the therapeutic
effect.”’ The amino acid Ala at position 8 of semaglutide was
replaced by an unnatural a-aminobutyric acid (Aib) amino acid
to avoid DPP-4 degradation.”” Recently, Tina et al. reported that
BL*® which is a novel GCGR/GLP-1R dual agonist that
containing a C18 fatty acid to extend half-life.”*** In addition,
cyclic peptides are also one of the effective ways to delay the half-
life of peptides.”®*” Here, we modified the linear peptide T6 to
enhance its activity and stability.

In the current study, we performed the alanine amino acid
scanning experiments to clarify the influence of each amino acid
residue of T6 on its antihepatic fibrosis activity, and then
synthesized novel analogs. Based on the key sites identified by
alanine scanning, we made a truncated modification of T6 and
found that the truncated peptide T6-S still retained activity.
Subsequently, T6-S was modified by natural or unnatural amino
acid substitutions and C-terminal amidation strategies to
improve its stability and activity. Of all the analogues, S6 had
the best inhibitory effects of liver fibrosis in TGF-f-induced LX2
cells model. Fatty acid modification can stabilize the peptide
structure and improve its stability, thereby prolonging the half-
life of peptide drugs.”® So, we modified $6 with fatty acids to
obtain the analogue S6-FA. Furthermore, we investigated the
antifibrotic effects and mechanisms of S6 and S$6-FA in vitro and
in vivo.

B RESULTS

Alanine Scanning and C-terminal Truncation. As a
starting point for our study, we synthesized the known T6
peptide to investigate its antiliver fibrosis eficacy on the domain
of the fibrinogen protein. First, cell growth was assessed with
treatment of T6 at various concentrations by the CCK-8 assay,
where we observed that even at a high concentration (64.0 uM),
T6 did not affect the growth of LX2 cells (Figure S1C,D).
Hepatic stellate cells (HSCs) produce extracellular matrix
(ECM) proteins and play a crucial role in the occurrence and
progression of liver fibrosis, so we cocultured LX2 cells with
TGF-f to induce the expression of fibronectin (FN, a biomarker
of HSC activation) and type I collagen (COL1al, a biomarker
of ECM accumulation).””” In the LX2 cell model, FN and
COLlal expression increased correspondingly after 24 h of
TGF-f induction at a concentration of 10 ng/mL. Therefore, we
used the TGF-f induced LX2 cell model in our study to evaluate
the antifibrotic effects of the fibrinogen domain peptide. Next,
we evaluated the dose-dependent effects of T6, showing that T6
dose-dependently affected the expression of FN and COLlal
(Figure 1A). Therefore, we selected a concentration of 10 M as
the optimal dose for subsequent cell assays.

To precisely identify the specific amino acid residues in
peptide T6 that are crucial for its antifibrotic activity, an alanine
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scanning experiment was carried out, and the inhibitory capacity
of T6 on the expression of FN and COL1al in LX2 cells was
profoundly analyzed and evaluated (Figure 1B). As shown in
Figure 1C, the substitution of Thr!, Phe?, Ser'?, Pro'?, Ser'’, and
Phe'® with alanine led to an elevation in the expression levels of
FN and COL1lal for peptides T1A, F2A, S12A, P13, S15A, and
F18A. In contrast, the replacement of Gly®, Leu'*, and Pro*® with
alanine merely impacted the expression of FN, while exerting no
effect on the expression of COL1al. Intriguingly, however, the
expression levels of FN and COLlal for peptides G7A, F8A,
P9A, and L10A were nearly identical to those of the control
group, suggesting that Gly’-Phe®-Pro’-Leu'® might be a key and
conserved site for the antifibrotic activity of T6. The substitution
of Gly*, Phe®, Leu', Ser'S, Pro'?, and Arg* with alanine resulted
in a marginally higher inhibitory activity against FN and
COLlal compared to with alanine resulted in a marginally
higher inhibitory activity against FN and COL1al compared to
the parent peptide, suggesting that these six residues might not
significantly influence the activity. Notably, the replacement of
Gly* and Pro® with alanine significantly augmented the
inhibitory activity, suggesting that these two residues might be
amenable to further optimization. In conclusion, the alanine
scanning study of peptide T6 discloses the possibility of further
structural optimization.

In light of the high degree of conservation at the N-terminus
and the crucial role of the C-terminal region in antifibrotic
activity, we meticulously designed and successfully synthesized
four truncated derivatives of the T6 C-terminal peptides,
designated as compounds T6-F, T6-S0, T6-S, and T6-P (Figure
2A). It was discovered that when T6-F, T6-S0, and T6-S were
administered to LX2 cells at a concentration of 10 uM in
response to TGF-f3, they were capable of effectively suppressing
the activity of FN and COLlal (Figure 2B—D). Nevertheless,
surprisingly, T6-P lost its activity at a concentration of 10 M
and merely exhibited lower activity at a concentration of 40Mm
(Figure 2E). These results further validate that truncating the C-
terminal sequence of the parental peptide to position 10 and
retaining Gly’-Phe®-Pro’-Leu'" does not impact the peptide’s
ability to inhibit the activity of FN and COL1al. This finding
offers a novel perspective for comprehending the significance of
amino acid residues in the C-terminal region in antifibrotic
activity. Among the truncated peptides, we prioritized the
further optimization of peptide T6-S because it is smaller in size
compared to T6 and has a comparable inhibitory efficiency in
ECM protein synthesis in cells.

To further optimize the peptide T6-S, we employed
molecular dynamics (MD) simulations to dissect the con-
formation of T6-S in water (Figure 2F). The equilibrium time
for T6-S, water, and ions was set at 50 ns, the temperature at 300
K, and the Cpptraj module within the Amberl6 software
package was utilized to analyze the molecular dynamics
trajectories. The RMSD results show that the simulation
trajectory in the 10—50 ns interval is stable enough; therefore,
such a simulation interval was chosen for the simulation
trajectory. We found that T6-S presented two different linear
conformations.”’

It has been demonstrated that one of the crucial roles of IFs
within animal cells is to guarantee the normal operation of
mitochondria.®*"** Desmin, a core constituent of the IF network
in muscle cells, serves as a paradigmatic example in regulating
mitochondria-related factors.”** A multitude of pathological
conditions (collectively referred to as desminopathies) are
triggered by mutations in Desmin, resulting in aberrant
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Figure 3. Characterization of the peptides. (A) Inhibition of FN and COL1a1 expression in LX2 cells as determined by Western blot analysis (n = 3).
(B-E) The modifications of maternal peptide T6-S and the antifibrosis effect of S1—S19 peptides in vitro (n = 3). (F) Intensive screening of modified
peptides for enhanced therapeutic effects, with detection of FN and COL1al expression (n = 3). (G) CD spectra of T6-S, SS, S6 and S6-FA in 50%
trifluoroethanol (TFE) aqueous solution. Data are represented as mean + SEM *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All
compounds are >95% pure by HPLC analysis.

distribution and morphology of mitochondria, as well as
compromised mitochondrial respiratory function.”>*® These

9665

data imply that the interaction with Desmin constitutes a
necessary prerequisite for the normal functionality of
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Scheme 1. Synthesis of Peptides T6-S™
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“Reagents and conditions: (a) N,N-dimethylformamide (DMF) + dichloromethane (DCM), 25 °C, 0.5 h. (b) Fmoc-Ser(t+-Bu)—OH, PYBOP,
N,N’-diisopropylcarbodiimide (DIC), N,N-diisopropylamine (DIEA), DMF, 25 °C, 4 h. (c) 20% piperidine/DMF, 25 °C, 6 + 8 min. (d) Fmoc-
Xaa—OH, I-hydroxybenzotriazole (HOBt), N,N’-diisopropylcarbodiimide (DIC), DMF, 25 °C, 2 h. (e) Trifluoroacetic acid (TFA)/

triisopropylsilane (TIS)/H20 = 95:2.5:2.5 (v/v/v), 0 = 25 °C, 2 h.

mitochondria. Meanwhile, the N-terminal part of the Desmin
molecule might encompass targeting signals that are capable of
localizing the protein to the outer mitochondrial membrane
(OMM). The peptide T6-S is precisely situated in the N-
terminal portion of the Desmin molecule, which is the targeting
region for the mitochondrial outer membrane. To explore
whether T6-S possesses the ability to target the mitochondrial
outer membrane and enhance mitochondrial function, we
attached a FITC fluorescent group to the N-terminal end of T6-
S via genetic engineering. The outcomes of the fluorescence
confocal microscopy experiment indicated that T6-S was
colocalized with the mitochondrial outer membrane, thereby
validating our hypothesis (Figure 2G).

Modification and Evaluation of Peptides. Based on the
screening of the active site of the mother peptide and the
conformational analysis of T6-S, Fmoc protection strategy was
employed to design and synthesize a multitude of valuable
peptides via solid-phase approaches (Figure 3A). As shown in
Scheme 1, Wang resin A1 was modified with Fmoc-Ser(t-Bu)—
OH, PYBOP, and the coupling agent HOBT under alkaline
conditions for the solid-phase coupling reaction, thereby
obtaining A2. 20% piperidine was utilized to eliminate the
Fmoc group, leading to A3. Subsequently, A3 underwent
repeated steps of deprotection and coupling reactions in a
“from-end-to-beginning” fashion to acquire the free intermedi-
ate A4, followed by cleavage to remove all protective groups,
generating the final crude product T6-S. Afterward, the product
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was further refined by preparative reverse-phase high-perform-
ance liquid chromatography (RP-HPLC) and characterized by
analytical high-performance liquid chromatography (HPLC)
and electrospray ionization mass spectrometry (ESI-MS).
According to this strategy, the modified peptides apart from
C-short amide and the ring peptide S19 can be attained.

First, cell growth was assessed with treatment of T6-S at
various concentrations by the CCK-8 assay, where we observed
that even at a high concentration (64.0 yuM), T6-S did not affect
the growth of LX2 cells (Figure S1E,F). Next, the inhibitory
effects exerted by the aforementioned peptide on the expression
of FN and COLlal in LX2 cells were investigated. The
outcomes of the protein blot analysis (Figure 3B—E), affirm that
we introduced three non-natural amino acids, namely 2-
methylalanine (Aib), 2-ethylalanine (Iva), and norvaline
(Nva), at the sites of Gly*, Ala®, or Pro® to further fortify its
pharmacological properties and binding affinity. It is well-known
that these two amino acids can potentiate the peptide’s protease
resistance and augment its activity.‘v’38 Moreover, it is gratifying
to discover that $17, in which Gly* is substituted by Iva and Pro6
is replaced by Nva, demonstrates higher inhibitory activity than
T6-S (Figure 3D,E). However, replacing Ala’ with Aib, Gly*
with Nva and Iva, and Pro® with Aib and Nva no longer exert
inhibitory effects on FN and COL1al (Figure 3B,D).

Intriguingly, the inhibitory activity of peptides S4 and S6, in
which the fourth Gly is replaced by the acidic amino acid Asp
and the basic amino acid Lys, respectively, is higher than that of
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Figure 4. Validate the fibrosis pathway and its effects on phenotypic proteins in vitro. (A) Western blot analysis of p-ERK, p-Smad3, p-P6S, a-SMA and
COLlal in LX2 cells. Cells were treated with TGF-f or candidate peptides (10 yM) for 24 h. GAPDH was used as a loading control. (B)
Densitometric analysis of the ERK, Smad3, and P65 phosphorylation in (A) (n = 3). (C) Densitometric analysis of the @-SMA, and COL1al in (A) (n
= 3). Data are represented as mean + SEM *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

T6-S, which indicates that altering the acidic or basic properties
of the amino acids can enhance the inhibitory activity (Figure
3B,C). Moreover, the inhibitory activity of peptide SS, where the
sixth Pro is substituted with the acidic amino acid aspartate, is
higher than that of T6-S, whereas the inhibitory activity of
peptide S7, in which the sixth Pro is replaced by the basic amino
acid lysine, is lower (Figure 3B,C). Meanwhile, other peptides
which were substituted with neutral amino acids that were less
readily identifiable by enzymes did not exhibit a notable increase
in inhibitory activity, which suggests that neutral amino acids
such as Ser, Thr, and Leu cannot boost the inhibitory activity of
the peptide (Figure 3B,C). It is notable that the C-terminal
carbamylated peptide S18 displays excellent inhibitory activity.
Nevertheless, the ring peptide $19 acquired through head-to-tail
cyclization diminished the inhibitory impacts on the expression
of FN and COL1lal, which might be attributed to alterations in
structural conformation or flexibility (Figure 3E).

In summary, peptides S4, S5, S6, S17, and S18 were capable
of reducing the expression levels of FN and COL1lal in LX2
cells by approximately 20—40% (Figure 3E). Among these, the
peptide S6, in which Lys substitutes for Gly*, was the most
efficacious, with its inhibitory activity against FN and COLlal
being approximately 1.5 times that of T6-S. Additionally, a
dose—response analysis demonstrated that the active peptide S6
decreased the expression of FN and COLlal in a dose-
dependent fashion. Given that the C-terminal carboxylated S18
displayed favorable inhibitory activity, and with the aim of
optimizing the pharmacological effects and prolonging the half-
life of the candidate peptides, we endeavored to design and
synthesize the C-terminal carboxylated fatty acid side chain
peptide S6-FA. To elucidate the structure—activity relationship,
we conducted circular dichroism (CD) spectroscopy on four
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candidate peptides (T6-S, S5, S6, and S6-FA) in a 50%
trifluoroethanol (TFE) aqueous solution. As illustrated in Figure
3G, T6-S, S5, and S6 displayed characteristic absorption peaks
at 208 and 222 nm, indicative of a-helical structures under these
conditions. Conversely, S6-FA exhibited a weak negative band at
195 nm and a pronounced negative peak around 222 nm,
suggesting the coexistence of both a-helical and f-turn
conformations. Based on these outcomes, S6, S6-FA, and T6-
S were chosen as potential antifibrotic candidate peptides for
further in vitro and in vivo tests.

The Candidate Peptide Inhibit ERK and Smad3
Phosphorylation in vitro and Improve Inflammation in
Liver Fibrosis. Hepatic fibrosis is a pathological repair process
following long-term chronic liver injury, mainly through the
activation of hepatic stellate cells (HSCs) and the excessive
accumulation of ECM.””’ The activation of HSCs involves
multiple genes and factors, among which the MAPK/ERK
signaling pathway promotes the occurrence of hepatic fibrosis by
inducing the proliferation and activation of HSCs.”® Phos-
phorylated ERK enters the nucleus and regulates the expression
of transcription factors and cyclins D and E, promoting the
transition of HSCs from G1 to S phase.” TGE-1 plays a key role
in this process, promoting the activation and proliferation of
HSCs, while inhibiting the proliferation of hepatocytes and
inducing the generation and deposition of ECM, especially
COLlal. The TGF-f signaling pathway and oxidative stress
jointly regulate the production of COL1a1.>'

We subjected LX2 cells to treatment with S6, S6-FA, and T6-
S to assess the effects of these peptides in modulating the
expression of liver fibrosis-related markers. The experimental
outcomes indicated that $6 and S6-FA conspicuously decreased
the expression of a-SMA and COLlal, which are crucial
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Figure 5. In vivo study of candidate peptides in a CCl,-induced liver fibrosis model. (A) Schematic illustration of the CCl,-indcued liver fibrosis model
and the in vivo treatment procedure. (B) Histological images of hepatic tissues by H&E, Sirius red staining and immunohistochemical (IHC) staining
for a-SMA, COL1a1(magnification: 20 X; n = S). (C) Monitoring of changes in mouse body weight (n = 5—7). (D) Positive staining area analyses of
the histological images shown in (B). (E) Analyses of hydroxyproline in liver tissue (n = S). (F, J) Analyses of ALT and AST in serum (n = 5). (H)
Analysis of Positive Staining Areas in Histological Images by Immunohistochemistry shown in (B). (I, J) The serum stability of maternal peptide T6-S
and S6-FA. Data are represented as mean + SEM **P < 0.01, ***P < 0.001 and ****P < 0.0001.

biomarkers for HSC activation and ECM generation (Figure
4A,B). Simultaneously, these two peptides effectively sup-
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pressed the phosphorylation levels of ERK and Smad3,
suggesting that they might exert their functions by interfering
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with the MAPK and TGF-f3/Smad3 signaling pathways (Figure
4A,C). These results demonstrate that S6 and S6-FA can
efficaciously inhibit the activation of HSCs in LX2 cells,
ameliorate liver fibrosis-related inflammatory responses, en-
compassing the reduction of the release of pro-inflammatory
factors.

As anticipated, we further discovered that peptide S6-FA
displayed a more salient advantage in enhancing liver fibrosis
induced by LX2 cells under TGF-f stimulation. Specifically, S6-
FA not only exhibited superiority to other treatment groups in
reducing the expression of a-SMA and COLlal but also
significantly augmented the inhibitory effect on ERK phosphor-
ylation, thereby more effectively impeding HSCs from trans-
forming into fibroblast-like phenotypes. These findings furnish
significant evidence for comprehending the potential of this class
of peptides in the treatment of liver fibrosis and lay a foundation
for the development of novel antifibrotic drugs in the future.

In vivo Evaluation of Serum Stability and Liver
Fibrosis of Candidate Peptides. Inspired by the in vitro
findings, we utilized a CCl,-induced liver fibrosis model to assess
the impacts of S6, S6-FA, and T6-S on extracellular matrix
(ECM) accumulation. Throughout the peptide treatment, mice
that were treated with or without S6 or S6-FA displayed no
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abnormalities in terms of appearance (encompassing hair color
and luster), behavior, food intake, or body weight. Peptides were
intraperitoneally administered at a dosage of 250 pg/kg daily for
4 weeks (Figure SA,C). Additionally, compared with the control
group, the liver tissue in the CCl, model group was harder, with
varying degrees of inflammation, consolidation, and fibrosis in
the liver lobules. However, the liver conditions in the S6 group
(CCl4+S6) and the S6-FA group (CCl,+S6-FA) were improved
(Figure S1A,B). The therapeutic effects showed that both S6
and S6-FA could reverse the negative effects of CCl, on body
weight and pulmonary indicators. H&E staining and Sirius
staining were carried out on liver sections to evaluate the levels
of fibrosis biomarkers (Figure SB). As shown in the Figure SB, a
significant augmentation in inflammatory infiltration and
collagen deposition was observed in the CCl, group in contrast
to the control group. S6 and S6-FA demonstrated more
efficacious outcomes in reducing collagen deposition compared
to T6-S (Figure SD). Further analysis of serum hydroxyproline
(HYP) indicated that S6 and S6-FA significantly decreased the
HYP content in liver tissue, suggesting that S6 and S6-FA can
mitigate collagen deposition (Figure SE). Moreover, mice
recovering from liver dysfunction were verified to have lower
serum levels of ALT and AST (Figure SF,G). Ultimately, the
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fibrosis markers a@-SMA and COL1al were notably lower in the
§6 and S6-FA treatment groups in comparison with the control
group and the T6-S group (Figure SH). In conclusion, we have
verified that peptides $6 and S6-FA can markedly alleviate liver
fibrosis induced by CCl,.

The serum stability of peptides pertains to their capacity to
preserve their structure and biological activity within serum or
plasma over a definite period, which holds substantial
significance in drug development and biomarker research
since the stability of peptides directly influences in vivo
bioavailability, metabolism, and clearance.’® Experimental
approaches such as incubating peptides in serum and
monitoring concentration alterations are crucial for evaluating
peptide stability both in vitro and in vivo.** Despite the fact that
peptides 86, S6-FA, and T6-S display outstanding antifibrotic
effects in vitro, it is of paramount importance to elucidate their
serum stability in vivo. Hence, we evaluated the stability of
peptides T6-S and S6-FA in mouse serum. As presented in the
table, merely 61% and 50% of T6-S were detectable by HPLC
after incubation in serum for 30 min and 1 h respectively, and
only 12% were detectable after 2 h of incubation, suggesting
nearly complete degradation and clearance (Figure SI). To our
gratification, S6-FA manifested significantly superior serum
stability, with a half-life approximating 24 h (Figure 5J). Based
on these outcomes, augmenting the fatty acid side chain of
peptides might prevent rapid clearance in vivo, and peptide S6-
FA possesses more beneficial serum stability characteristics
compared to T6-S.

To confirm whether S6 and S6-FA can inhibit the
phosphorylation of ERK and Smad3, decrease ECM protein
synthesis, and ameliorate liver fibrosis inflammation in vivo,
thereby alleviating liver fibrosis in CCl, mice, we carried out
Western blot experiments for verification. As anticipated, $6 and
S6-FA effectively inhibited the phosphorylation of ERK and
Smad3 (Figure 6A,C), and reduced the synthesis of the majority
of a-smooth muscle actin (@-SMA) and COLlal (Figure
6A,B). Moreover, the fatty acid side chain peptide S6-FA was
capable of improving CCl,-induced liver fibrosis at low doses,
demonstrating superior therapeutic effects compared to peptide
$6. In summary, these discoveries indicate that the fatty acid side
chain peptide S6-FA can effectively obstruct the relevant
pathways of liver fibrosis development and improvement in the
CCl, model, and effectively enhance liver fibrosis, revealing its
potential for the treatment of liver fibrosis.

Peptide Reduces Oxidative Stress and Improves
Mitochondrial Function. Currently, some studies have
specifically designed peptides to target mitochondria, aiming
to enhance their antioxidative and antiaging effects and optimize
mitochondrial function.*** Previous studies have shown that
our peptides possess the ability to target the mitochondrial
membrane, but have not yet been examined in terms of
improving mitochondrial function. In this study, we explored
whether the candidate peptides have the potential to improve
mitochondrial oxidative stress, particularly in regulating the
redox balance at the tissue level. Superoxide dismutase (SOD)
and glutathione (GSH) are significant antioxidants within the
body. Their main function is to eliminate superoxide anions and
other oxygen free radicals in cells, protecting cells from oxidative
stress damage and playing a crucial role in detoxification and
antioxidation.”” Oxidative stress is triggered by excessive
reactive oxygen species (ROS) in the body, among which
superoxide anions are the most common type. SOD reduces the
accumulation of ROS by converting superoxide anions into
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hydrogen peroxide (H,0,) and oxygen, thereby protecting cells
from oxidative damage.”**> As depicted in the figure, we
discovered that the contents of SOD and GSH in the liver tissue
of the peptide S6 and S6-FA treatment groups were significantly
higher than those of the CCl, group (Figure 6D,E). This finding
suggests that these peptides have the potential to alleviate
oxidative stress.

These results indicate that peptides S6 and S6-FA can
effectively reduce oxidative stress caused by CCl,-induced liver
fibrosis and improve cellular environment by regulating
mitochondrial function. It is worth noting that peptide S6-FA
showed better improvement effects compared to T6-S in this
study. Under CCl, induction, mitochondrial dysfunction leads
to insufficient energy generation and the production of more
harmful substances such as ROS, which further aggravates liver
injury. Therefore, by targeting mitochondria and enhancing
their antioxidant capacity, these candidate peptides may provide
new strategies for treating age-related or chronic diseases
triggered by environmental factors.

B DISCUSSION

Liver fibrosis is a process in which normal liver tissue is gradually
replaced by fibrous connective tissue in the long-term chronic
injury of the liver."”” It is usually an important pathological
process in chronic liver diseases (such as chronic viral hepatitis,
alcoholic liver disease, and nonalcoholic fatty liver disease, etc.)
and is driven by the excessive accumulation of ECM proteins in
the extracellular matrix.” It is the key factor in the hardening of
the liver. Long-term liver injury leads to continuous liver cell
necrosis and inflammatory responses, activating hepatic stellate
cells to transform into fibroblasts, starting to overproduce and
secrete collagen, fibronectin, and laminin, etc. These ECM
proteins accumulate in the liver and form fibrotic connective
tissue, gradually replacing the normal liver structure, leading to
liver dysfunction. If it is not diagnosed and treated in time, liver
fibrosis may progress to cirrhosis, even leading to liver failure
and liver cancer.””” Employing peptide 6 (T6), an endogenous
peptide present in the adhesive tissue of uterine fibrosis, our aim
was to inhibit the fibrosis induced by TGF-A1 in human
myometrial stromal cell lines and primary human myometrial
stromal cells.” TGF-f brings about liver fibrosis by activating
hepatic stellate cells (HSCs) and facilitating fibrosis, thereby
propelling the advancement of fibrotic diseases.*® Hence, our
intention was to explore whether T6 has functional impacts on
liver fibrosis.

We initially performed an alanine scan on T6 to assess the
specific amino acid residues that exert a crucial role in the
antifibrotic activity. Our investigation results demonstrated that
residues Gly4, Phe®, Leu', Ser'®, Pro'®, and Argzo exerted
negligible influence on the inhibitory activity of the parent
peptide against FN and COLlal and might be appropriate for
further structural optimization to enhance the biological activity.
In contrast, residues Thel, Phe?, Gly’-Phe®-Pro’-Leu'® were of
paramount importance for their inhibitory activity against FN
and COLlal. Consequently, we carried out a C-terminal
truncation until the peptide lost its antiliver fibrotic activity at
the Pro’ residue, thereby affirming the significance of these
residues in the peptide’s antiliver fibrotic activity.

Based on the screening of the active site of the mother peptide
and the conformational analysis of T6-S, we designed and
synthesized a series of modified peptides. According to the
above results, $17 with Gly* replaced by Iva and Pro® replaced
by Nva exhibits higher inhibitory activity than T6-S, while the
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peptides with Aib replacing Ala®, Nva replacing Gly*, and Iva
replacing Pro® lose their inhibitory effects on FN and COL1al.
Surprisingly, changing the acidity of amino acids can enhance
the inhibitory activity, for example, the peptides S4, S6 with Gly*
replaced by Asp and Lys, and S5 with Pro® replaced by Asp, all
have higher inhibitory activity than T6-S. In addition, peptides
with neutral and less space-occupying amino acids have not
significantly improved the inhibitory activity. It is worth noting
that the C-terminal carboxylated S18 also exhibits good
inhibitory activity, but the cyclic peptide S19 reduces the
inhibitory effect on the expression of FN and COL1al.

Linear peptides exhibit suboptimal targeting in vivo,
potentially causing the drug to act upon nontarget tissues and
augment side effects; they are prone to enzymatic degradation,
resulting in a shortened biological half-life and exerting an
adverse impact on the drug’s efficacy; the release of the peptide
within the body might be insufficiently controllable, giving rise
to fluctuations in drug concentration and influencing the
therapeutic outcome; and they may not be entirely compatible
with the body’s internal environment, leading to immune
responses or toxic issues.'”'? Hence, it is of utmost urgency to
enhance the efficacy of the drug while minimizing the risk of
adverse reactions. Numerous studies have demonstrated that the
incorporation of fatty acid side chains into peptides typically
exhibits excellent biocompatibility and biodegradability, reduc-
ing toxicity to the organism.'””’ Owing to its distinctive
structure, this type of peptide can attain targeted therapy by
modulating its binding to specific receptors, enhancing the
efficacy of the drug and reducing side effects, and is well-suited
for drug delivery systems. Based on this, we designed and
synthesized the C-terminal amide-modified fatty acid side chain
peptide S6-FA. We chose S6 and S6-FA for in vivo
pharmacological efficacy verification in mice induced by CCl,
because they possess the most optimal inhibitory activity against
liver fibrosis biomarkers such as FN, @-SMA, and COLla1 in
vitro. Unfortunately, although we conducted molecular
dynamics simulations to refine the relationship between peptide
T6-S and its target, the absence of the T6-S target precluded us
from further delving into the interaction between the peptide
ligand and the target protein, which requires further
optimization in the design of therapeutic peptides and
clarification of the mechanistic pathways for the treatment of
liver fibrosis.

The data from in vitro and in vivo candidate peptide treatment
for fibrosis show that peptides S6 and S6-FA significantly
reduced the expression of @-SMA and COLlal in LX2 cells,
effectively inhibited the phosphorylation of ERK and Smad3,
and improved inflammation in liver fibrosis. Furthermore, in the
liver tissue of the CCl4-induced model, peptide S6 and S6-FA
can significantly increase the content of SOD and GSH, and
reduce the level of ROS. Notably, Due to the fact that the fatty
acid side chains can effectively enhance the stability of peptides
in serum by improving the hydrophobicity of polypeptides,
strengthening the binding with carrier proteins, increasing
resistance to enzymatic hydrolysis, regulating conformational
stability, and reducing immune clearance. In this study, it was
observed that the fatty acid side chain peptide S6-FA showed
better improvement effects compared to T6-S, which could
disrupt the relevant pathways of liver fibrosis development and
effectively improve liver fibrosis, indicating its potential for
treatment of liver fibrosis. This suggests that when conducting
further in-depth research in the future, we may consider
exploring the influence of different structural features on their
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biological activity to optimize these peptides as potential
therapeutic agents for clinical use.

B CONCLUSIONS

In summary, we obtained the novel peptide S6-FA which had
higher antiliver fibrosis activity and a longer half-life through the
structure—activity relationship studies and rational modification
of T6. The research indicated that S6-FA was capable of
suppressing the activation of hepatic stellate cells and
diminishing the secretion of COLla1l and FN. Additionally, it
alleviated liver fibrosis by regulating the Erk, Smad, and P65
pathways. Further animal studies demonstrated that S6-FA
decreased COL1al and a-SMA expression induced by CCl, in
mouse models, enhanced liver fibrosis and inflammatory
responses. Moreover, it has been discovered that S6-FA can
enhance the contents of SOD and GSH in tissues and decrease
the generation of ROS, thereby mitigating the oxidative stress
induced by CCl,. In summary, this study explored the structure
and conformation of peptide T6-S and further optimized its
structure to develop a novel long-acting peptide S6-FA, with
enhanced antifibrotic activity both in vitro and in vivo. This
study presents a highly effective and promising drug strategy
targeting mitochondria and a new candidate compound for
antifibrotic therapy.

B MATERIALS AND METHODS

Materials and Instruments for Chemistry. All solvents,
all standard Fmoc-protected amino acids, Rink amide 4-
methylbenzhy-drylamine (MBHA) resin, and 2-chorotrityl
chloride (2-CTC) resin were used directly as received from
commercial suppliers. Solid-phase peptide synthesis (SPPS) was
performed manually on a chemical rotary vibrator. The
purification of the final compounds was carried out on a
Thermo Fisher Ultimate 3000 HPLC system, with the column:
Thermo Fisher C18 column (5 gm, 20 mm X 250 mm). The
mass spectra (MS) were recorded on the Agilent 1260—6120
HPLC-MS, Thermo Fisher LTQ-XL UPLC-MS, or Waters ZQ_
2000 HPLC-MS mass spectrometer (ionization method:
electrospray ionization (ESI)). The purity of the final
compounds was determined by the Agilent 1260 HPLC system
or the Thermo Fisher Ultimate 3000 HPLC system, with the
column: Thermo Fisher C18 250 X 4.6 mm?2 5 u—100A. It was
found that the purity of all final compounds was greater than
95%.

Cell Model. Human hepatic stellate cell line LX2 was
purchased from Type Culture Collection of Chinese Academy
of Sciences (Shanghai, China). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Thermo Fisher Scientific) at 37 °C in a 5% CO, humidified
atmosphere. LX2 cells were incubated with TGF-§ in the
absence or presence of 10 M peptides for 24 h.

Molecular Dynamic Simulations. The Amber16 program
package was employed for equilibrium molecular dynamics
simulations. The FF14SB force field and the Gaff force field were
utilized to depict the structure of each standard/nonstandard
residue in the polypeptide molecule, and the Amber16 program
was adopted to conduct a 50 ns NVT ensemble for each
polypeptide molecular structure in an explicit solvent environ-
ment (T = 300 K) molecular dynamics simulation. Prior to the
simulation, the steepest descent method and the conjugate
gradient method were utilized to optimize the geometric
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structure of the composite system and then the composite
system was gradually heated from 0 to 300 K. A temperature
coupling algorithm was utilized to control the temperature of the
system at 300 K. During the simulation, the PME method was
employed to calculate the long-range electrostatic interactions,
and the SHAKE algorithm was adopted to handle hydrogen-
related stretching vibrations. The cutoff value of the long-range
interactions was set at 10 A, and the simulation step size was 2 fs.
After the simulation was accomplished, the Cpptraj program was
utilized to extract the requisite information from the MD
trajectory and undertake energy analysis and trajectory analysis,
including root-mean-square shift (RMSD), root-mean-square
fluctuation (RMSF), hydrogen bond analysis, and structural
cluster analysis of the entire trajectory.

Western Blot Analysis. Total protein was extracted from
cell or liver samples using RIPA lysis buffer (Beyotime
Biotechnology, Shanghai, China) and quantified with the BCA
assay kit (Pierce, Thermo Fisher Scientific). The proteins were
separated by SDS-PAGE based on the target protein size and
subsequently transferred to a pre-equilibrated poly(vinylidene
difluoride) membrane (PVDF, Immobilon-PSQ transfer mem-
branes, Merck Millipore, Germany). The membranes were
incubated overnight at 4 °C with primary antibodies. Following
incubation with secondary antibodies, proteins were visualized
using enhanced chemiluminescence (GlarityTM Western ECL
Substrate, Bio-Rad), and the resulting signals were captured and
analyzed using Tanon-Image Software (Shanghai, China).
GAPDH was employed as a reference antibody for data
normalization. Details regarding the antibodies can be found
in Supporting Information Tables S5—S9. All compounds
utilized had a purity greater than 95% as determined by HPLC
analysis.

Animal Models and Tissue Collection. The mice utilized
in this research were healthy and exhibited normal immune
function, maintained in a specific-pathogen-free environment
with a 12 h light-dark cycle. They had unrestricted access to food
and water. All animal research protocols complied with the U.S.
Public Health Service Policy regarding laboratory animals and
received approval from the Ethics Committee for Animal Use
and Care at Sun Yat-sen University.

Male CS57BL/6] mice, aged between 6 to 8 weeks and
weighing between 20 to 24 g, were sourced from the Guangdong
Medical Experimental Animal Center. They were housed in
cages maintained at a temperature range of 20—25 °C with a
light/dark cycle of 12 h each for a duration of 12 h. Mice had
unrestricted access to food and water. Following the final drug
administration, the mice underwent a fasting period of 9 h before
being euthanized after an additional interval of 8 h. The liver
tissues were quickly frozen using liquid nitrogen and
subsequently stored at —80 °C for later analysis or fixed in a
solution of 10% formaldehyde for histological examination.
Blood samples were collected via retro-orbital venipuncture
from anesthetized subjects, followed by centrifugation at a force
0f 1000g for 15 min to separate serum, which was then preserved
at —80 °C for future assessments.

Mice were induced to develop liver fibrosis by subcutaneous
injection of 20% CCIl, (Sigma, China) in corn oil (Aladdin,
China) every 2 days for 8 weeks (S mL/kg body weight). Mice
injected with an equal volume of corn oil served as controls. The
last 4 weeks of the treatment were used to evaluate the
pharmacological effects in mice with liver fibrosis (250 ug/kg;
intraperitoneal injection daily). The purity of all compounds
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used was >95%, as determined by HPLC analysis. For each
group, n = S.

Serum and Tissue Biochemical Assays. The concen-
trations of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in serum were measured using specific
commercial assay kits from Nanjing Jiancheng Bioengineering
Institute, China. All compounds utilized had a purity greater
than 95% as confirmed by HPLC analysis. For each group, n=S5.

Determination of Hydroxyproline Content. Approx-
imately 10 mg of liver tissue was collected from each mouse, and
the level of hydroxyproline (HYP) was quantified, as HYP is an
indicator of the in vivo degradation of collagen. For this purpose,
the HYP assay kit from Nanjing (produced by the Jiancheng
Bioengineering Institute in Nanjing, China) was used, and the
experiment was conducted according to the manufacturer’s
instructions. For each group, n = S.

Organ Histopathological Assessment. The liver was
embedded in paraffin, and liver slices were fabricated. After
deparafhinization and rehydration, the sections were stained with
hematoxylin and eosin (H&E). For the Sirius red analysis, 10
photographs of the low-magnification field (20x) were captured
for each liver sample. Immunohistochemical (IHC) staining was
performed according to the manufacturer’s instructions.
Quantitative analysis of positive staining areas was performed
on all liver sections using the open-source software (Image]
software (http://imagej.nib.gov/)). Large bile ducts and vessels
were excluded. For each group, n = 5.

Serum Stability Analysis. Five mM peptides were
incubated with mouse serum for 0, 0.25, 1, 2, 4, 8, 16, and 24
h at 37 °C. Subsequently, ice-cold acetonitrile was added to
quench the reaction, followed by vortex mixing for 10 s. The
mixture was then allowed to stand for 1 min. Deionized water
containing 1% trifluoroacetic acid (TFA) was subsequently
added to ensure complete termination of the reaction. Then,
mixtures were centrifuged (13,000¢, 10 min) to obtain the
supernatant. Reverse-phase high-performance liquid chroma-
tography—mass spectrometry (RP-HPLC-MS) was employed
to analyze the content of candidate peptides. The serum stability
of candidate peptides was presented as the retention rate of each
peptide. Mobile phase: A: 0.1% TFA; B: acetonitrile, with
gradient elution of B: 5—95%; 30 min.

Quantification and Statistical Analysis. The positive area
of stained tissue slices was quantified using Image] software
(https://imagej.nih.gov/ij/). Statistical analysis was performed
using GraphPadPrism 9.0 (https://www.graphpad.com/), and
all data are presented as mean + SD (standard deviation).
Differences were compared using Student’s t test, and p < 0.05
was considered statistically significant.
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