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SUMMARY

Liver aging impairs the ability of hepatocyte regeneration. Recent studies have
found that oxytocin (OT) plays an important role in promoting tissue repair and
maintaining differentiation and regeneration of stem cells. Here, we reported
that OT receptors, which are specifically located in hepatocytes, decrease with
aging in human and mice. Interestingly, the level of serum OT also decline with
age. Notably, OT promotes hepatocyte regeneration only in aged mice but not
in young mice in vitro and in vivo. Further studies reveal that OT promotes auto-
phagy in either AML12 mouse hepatocytes or aged mice after partial hepatec-
tomy or with CCl4-induced acute liver injury. In conclusion, OT promotes liver
regeneration, especially in aged mice, which may be achieved by promoting auto-
phagy. All these results support the possibility of OT and its analog being a
potent anti-aging drug and promote liver rejuvenation.

INTRODUCTION

With the increase of age, organ aging is an irresistible process. Aging leads to an imbalance in mammalian
tissue homeostasis and a great decline of organ regeneration ability. Geriatric science hypothesis suggests
that aging is the main modifiable risk factor for most chronic diseases (Hodes et al., 2016). As the largest
parenchymal organ, many studies have suggested that the liver showed significant differences in physio-
logical functions, as well as disease development and prognosis in different age. Aging liver decreases
in volume, besides the quality of functional hepatocytes also decline (Wakabayashi et al., 2002). Aging liver
causes synthetic and metabolic dysfunction (Tietz et al., 1992), which is also a risk factor for fibrosis progres-
sion of hepatitis C and poor prognosis of alcoholic hepatitis (Poynard et al., 2001; Forrest et al., 2005). It
rises up the incidence of nonalcoholic fatty liver disease (Amarapurkar et al., 2007; Park et al., 2006). What's
more, risk of certain senile-related diseases, such as diabetes, arteriosclerosis, arthritis, and neurodegen-
erative diseases, can increase due to dysfunction of hepatic sinusoid endothelial cells (Lsecs) in aging liver
(Baynes, 2001). In aged liver, the incidence of complications of alcoholic liver disease is higher than that in
other age groups. In addition, aging liver accelerates the progression of liver fibrosis, cirrhosis, and hepa-
tocellular carcinoma after hepatitis C virus (HCV) infection (Poynard et al., 2001; Thabut et al., 2006; Ryder
et al., 2004). In the field of liver transplantation, the incidences of primary liver dysfunction and delayed
postoperative nonfunction in elderly donors are relatively high, and the one-year survival rate of patients
receiving liver transplantation from elderly donors is distinctly lower than that of controls (Serrano et al.,
2010). The above differences indicate that the elderly liver and young liver have different effects on the clin-
ical outcomes of diseases. Therefore, it is of great significance to promote the regeneration of liver aging
cells to improve the elderly liver mass and delay the progression of liver-related diseases.

Oxytocin (OT) is a nonapeptide containing one internal disulfide bond. It is traditionally thought to be syn-
thesized by the supraoptic nucleus and paraventricular nucleus of the hypothalamus, transported along the
axon to the posterior pituitary and released into the blood circulation, promoting contraction of smooth
muscle between the uterus and breast lobule to regulate delivery and lactation. Recent studies have found
that OT can be synthesized and released by many peripheral organs such as the heart (Jankowski et al.,
1998), uterus (Friebe-Hoffmann et al., 2007), and thymus (Geenen et al., 1987); besides, the central nervous
system and OT receptors (OTRs) are expressed on cell surfaces in these organs. Moreover, OT can promote
the repair of ischemic myocardium (Houshmand et al., 2009), the differentiation and regeneration of fibro-
blast stem cells (Elabd et al., 2008) and skeletal muscle stem cells (Elabd et al., 2014). Subcutaneous
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injection of OT can restore muscle regeneration in aged mice by improving the function of aged muscle
stem cells (Elabd et al., 2014). Another study also demonstrates that subcutaneous administration of
OT can reverse bone loss and reduce bone marrow adiposity in ovariectomized mice and rats (Elabd
et al.,, 2008). Therefore, we speculate that OT may play a role in promoting the regeneration of aging he-
patocytes. To test this hypothesis, we utilize cultured mouse liver organoids and two commonly used
mouse models to explore whether OT can promote liver regeneration and reverse the liver cellular
senescence.

RESULTS

OTRs were specifically expressed on hepatocytes, meanwhile both serum OT and OTR levels
decline with age in mice and human

In order to detect whether OTRs are specifically expressed in hepatocytes, we tested the expression of OTR
in C57BL/6 male mice and human liver hepatocytes, AML12 cell line (mouse hepatocytes), and mouse he-
patic organoids. Western blot analysis suggested that OTRs were specifically expressed in hepatocytes but
not either non-parenchymal cells or bile duct epithelial cells (Figures TA-1D). Then, we tested the expres-
sion characteristics of OTRs by immunofluorescence. OTRs were mainly distributed on the hepatocytes (red
fluorescence) but not SOX9+ bile duct epithelial cells (green fluorescence) (Figures 1E and 1F) or GFAP +
hepatic stellate cells (red fluorescence) (Figure 1G). There is increasing evidence which showed that OT is
an age-specific circulating hormone, that is to say, as the age increases, the level of serum OT and expres-
sion of OTRs on muscle stem cells also decrease (Elabd et al., 2014). Therefore, we inferred that serum OT
or OTRs in the liver had the same characteristics as those in the muscle. To confirm this hypothesis, we
analyzed the serum OT level and the expression of liver OTRs, from human (21-74 years old) and mice
(2-3 months and 24 months old). The results show that the expression of OTRs in 24-month-old mice was
significantly lower than that in 2-month-old mice and that the expression of liver OTRs declined with age
in human (Figures 1H and 11). Similarly, the level of OT in 24-month-old mice was significantly lower than
that in 2-month-old mice and so was the level of OT in human serum (Figure 11). These results suggest
that liver aging is associated with a decrease in OT/OTR signal strength.

OT promoted the proliferation of mouse hepatocytes and enhanced the growth of mouse
hepatic organoids

To help elucidate the role of OT in liver regeneration, first of all, we investigated the effects of different
concentrations of OT (1078 Mol/L10~* Mol/L) on the proliferation of AML12 cell line by CCK-8 assay.
Compared with the control group, OT promoted the proliferation of AML12 cells in the concentration
range of (1077 Mol/L ~ 10™* Mol/L, Figure 2A). Next, we generated 3-D mouse hepatic organoids and
observed the effects of different doses of OT (1078 Mol/L ~ 10~% Mol/L) on liver regeneration at Oh, 12h,
36h, and 72h (5-6 wells/group). These results show that compared with the control group, OT promotes
the growth of mouse liver organoids in the concentration range of (10~8Mol/L ~ 10~>Mol/L); however,
high concentration of OT (10~* Mol/L) has no effect on organoid growth (Figure 2B). In a word, our results
indicate that OT can promote the proliferation of hepatocytes and enhance the growth of hepatic organo-
ids in vitro.

OT enhances liver regeneration after partial hepatectomy in aged mice

It is known that OT has great effects on promoting tissue repair, maintaining stem cell differentiation, and
regeneration (Houshmand et al.,, 2009; Elabd et al., 2008, 2014). We are wondering whether OT can
enhance liver regeneration and reverse the liver cellular senescence. As shown in the schematic diagram
of Figure 3A, C57BL/6 male mice of 2-3 months and 12 months were used to construct a partial hepatec-
tomy-liver regeneration model. The serum OT concentrations of young and old mice were increased after
intraperitoneal injection of OT (Figure 3B). Interestingly, exogenous OT had no significant effect on liver
regeneration in young mice after 20 consecutive days of treatment. However, exogenous OT can enhance
the weight of remained liver of aged mice (Figures 3C-3E). Hematoxylin-eosin (HE) staining also shows that
exogenous OT can improve the liver status of aged mice (Figure 3F). After exogenous OT treatment, the
infiltration of inflammatory cells in the liver of old mice was reduced, and the degree of steatosis was
reduced. Next, we examined the effects of exogenous OT on the proliferation and cell cycle after mouse
partial hepatectomy. The results show that exogenous OT can affect the liver proliferation and cell cycle in
elderly mice after surgery but has no effect on young mice (Figures 3G and 3H). These results suggest that
exogenous OT increases residual liver weight by enhancing residual liver regeneration in aged mice.
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Figure 1. OTRs are specifically expressed in hepatocytes, and the levels of serum OT and OTR expression decline with age in mice and human
A) Western blot in mouse AML12 cell line.

B)Western blot in liver tissue of mice.

Q

D)

Western blot in hepatic organoid of mice.

Immunohistochemistry in various components of mouse. Scale bar is 25um.

E) Western blot in various components of mouse liver.

F) Immunofluorescence localization of OTRs and CK-18 in mouse liver tissue (red, OTRs; green, CK-18; blue, DAPI).

G) Immunofluorescence localization of OTRs and SOX9+ in mouse liver tissue (red, OTRs; green, SOX9+; blue, DAPI).

H) Immunofluorescence localization of OTRs and GFAP in mouse liver tissue (red, GFAP; green, OTRs; blue, DAPI). 100X, Scale bar is 50pm. 200 %, Scale bar
is 100um.
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(1) Western blot in liver of C57BL/6 male mice from 2 to 3months or 24 months (five mice per group), gray value analysis by Image J.

(J) Western blot in the liver from 36- to 62-year-old humans, gray value analysis by Image J.

(K) Serum OT levels were quantified using enzyme immunoassay from 2-3- or 24-month-old mice (five mice per group) and 21- to 74-year-old humans. Values
represent the mean + Standard error of mean (SEM). *p < 0.05; **p < 0.01; t test. OT: oxytocin.

Exogenous OT enhanced liver regeneration and improved CCl4-induced acute liver injury

As shown in the schematic diagram of Figure 4A, C57BL/6 male mice of 2-3 months and 12 months were
used to construct CCly-induced liver injury model. The serum OT level in the OT group was higher than that
in either control group or CCl, group (Figure 4B). Compared with the control group and the OT group, the
liver swelling becomes pale and the liver capsule tension becomes larger in the CCl, group (Figures 4C and
4D). HE staining showed that the OT group had less liver steatosis, weaken liver cord structure damage,
and inflammatory reaction than that in the CCly group (Figure 4E). Moreover, exogenous OT can promote
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Figure 2. OT promotes the proliferation of AML12 cell line and enhances the growth of mouse hepatic organoid

(A) Growth curve of AML12 cell line under different concentrations of OT treatment (108 Mol/L10~*Mol/L) respectively for Oh, 4h, 8h, 12hr, 16hr, 20hr, 24hr.
(B)3-D mouse hepatic organoids from 2- to 3-month-old C57BL/6 mice were cultured in matrigel and administered with PBS (Control) or OT (1078 Mol/
L10~*Mol/L) for O hr, 12 hr, 36 hr, 72 hr (5-6 wells/group). The pictures showed the size of mouse hepatic organoids (x40). At least 4 image fields per each
sample were quantified. Bottom: The quantification of the liver organoids size in the 2- to 3-month-old C57BL/é mice by Image-Pro Plus 6.0. Original
magnifications: x40 (B); scale bar: 200um. Values represent the mean + Standard error of mean (SEM). **p < 0.01; ***p < 0.001; t test. OT: oxytocin; OD:
optical density (450 nm).

liver proliferation and cell cycle after acute liver injury in mice, especially in 12 months (Figures 4F and 4G).
In addition, OT also attenuated the CCls-induced increase in the concentration of serum AST and ALT de-
tected by aminotransferase assay kit (Figure 4H). It is known that CYP2E1 is considered to be an important
effector molecule for CCL4-induced toxicity (Robin et al., 2002). In this study, we found that exogenous OT
largely reduced CClLy-induced increase in CYP2E1 in elderly mice (Figure 4I).

Effect of OT on autophagy activity in mouse liver

A large number of studies have shown that autophagy plays an important role in reversing cell aging and
increase of autophagy can delay aging and extend longevity (Rubinsztein et al., 2011). First, we studied the
basic levels of autophagy in liver tissues of young (2-3 months) and old mice (24 months). Consistent with
the expression levels of serum OT and liver OTR in Figures TH and 1G, the autophagy activity of mouse liver
also decreases with age. Next, we examined the effect of OT on the autophagy activity of mouse liver cell
lines. Compared to the control group, exogenous OT promoted the level of autophagy in AML12 cell lines
(Figures 5B and 5C). Our in vivo studies, either partial hepatectomy-liver regeneration model or CCl, acute
liver injury model, also confirmed that exogenous OT largely improved the autophagic activity of the
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Figure 3. OT promotes liver regeneration in vivo

(A) Schematic of partial hepatectomy. The experimental period lasted for 20 days and 2-3- or 12-month-old C57BL/6 male mice were used. From the first day
to the 20th day, the mice were administered with control (PBS) or OT (0.1mg/kg). On the fourth day, partial hepatectomy was performed. Liver regeneration
in mice was detected 16 days after operation.

(B)The serum OT concentration at day 0 and day 20 in the control (PBS) group and the OT (0.1mg/kg) administration group of the 2- to 3-month-old C57BL/6
mice were shown (three mice per group).

(C) Mouse residual liver morphology.

(D) Liver weight remaining after 16 days of partial hepatectomy in mice (three mice per group).

(E) Liver-to-body weight ratio after 16 days of partial hepatectomy in mice (three mice per group).

F) H & E staining image for different groups; red arrow: steatosis, black arrow: inflammatory cell. 200%, scale bar is 100pm. 400X, scale bar is 200pum.

H) Western blot in the liver of different groups; gray value analysis was used by Image J.

(

(G) Ki67 staining image for different groups. 200X, scale bar is 100pm.

(

(I) gPCR in liver of different groups; values represent the mean + Standard error of mean (SEM). *p < 0.05; t test. OT: oxytocin; NS: no significance.

elderly liver than the liver of young mice (Figures 5D-5@G). Taken together, the above results indicate that
OT may promote liver cell regeneration by enhancing cell autophagy.

DISCUSSION

Liver aging is accompanied by a decrease in the total volume of the organ and blood flow, as well as
changes at the cellular level, such as increased oxidative stress, reduction in the number and dysfunction
of mitochondria, accelerated cell senescence, and reduced regenerative ability of all types of liver cells,
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Figure 4. OT improves CCl -induced acute liver injury in vivo

(A) Schematic of CClg-induced acute liver injury model. Two- and 12-month-old C57BL/6 male mice were divided into three groups after four weeks of
adaptation: oil (corn oil), CCly (corn oil as solvent), CCly + OT (0.1 mg/kg).

(B) After the mice were sacrificed, the serum OT level of each group was detected.

(C) The liver morphology of mice in the control group and the CCls-induced acute liver injury model group.

(D) Comparison of liver weight in three groups (3 mice per group).

(E) H & E staining image for different groups of 2- and 12-month-old C57BL/6 male mice; red arrow: steatosis, black arrow: inflammatory cell. 200 %, scale bar
is 100um. 400%, scale bar is 200pm.

(F) Ki6é7 staining image for different groups. 200X, scale bar is 100um. 400X, scale bar is 200pm.

(G) Western blot in the liver of different groups; gray value analysis was used by Image J.

(H) gPCR in the liver of different groups.

(I) The AST and ALT levels were detected in serum of 2- and 12-month-old C57BL/6 male mice from different groups (three samples per group).

(J) After the mice were sacrificed, the serum Cyp2E1 level of each group was detected. Original magnifications: x200; scale bar: 50um. Values represent the
mean + Standard error of mean (SEM). *p < 0.05; **p < 0.01; ***p < 0.001. t test. OT: oxytocin. ALT: alanine aminotransferase; AST: aspartate transaminase.

including hepatocytes, hepatic stellate cells, Kupffer cells, liver sinusoidal endothelial cells. OT is known for
its role in lactation, childbirth and social behavior that promotes trust and combination (Soloff et al., 1977;
Lee et al., 2009). Recent work has suggested the role of OT in preventing osteoporosis and obesity (Be-
ranger et al., 2014; Takayanagi et al., 2008). The OT level decreases after ovariectomy, which is similar to
hormone aging (Takayanagi et al., 2008). Our present study also reveals that the level of serum OT declines
with age. Itis known that OT contributes to the rejuvenation of various cell types, including the stimulation
of migration, the regenerative and therapeutic potential of different type of stem cells (Houshmand et al.,

6 iScience 24, 102125, February 19, 2021
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Figure 5. OT promotes the increase of autophagy level in mouse liver

(A)Western blot in normal 2-3- or 24-month-old C57BL/6 mice (six mice per group), and gray value analysis by Image J.

(B) Western blot in AML12 cell line administered, respectively, with PBS, rapamycin (5 uMol/L), or OT (10" Mol/L10~°Mol/L) after rapamycin treatment. Gray
value analysis by Image J.

(C) AML12 cell line was transfected with LC3 Lentivirus and administered, respectively, with PBS, rapamycin (5 pMol/L), or OT (10 "Mol/L10~°Mol/L) after
rapamycin treatment. GFP-RFP-LC3 results were observed by a confocal microscope (green: GFP, red: RFP). Original magnifications: X400; scale bar: 20 pm.
(D) Western blot in control groups of 2-3- or 12-month-old C57BL/6 male mice and gray value analysis by Image J.

(E) Western blot in OT groups of 2-3- or 12-month-old C57BL/6 male mice and gray value analysis by Image J.

(F) Western blot in different groups of 2-3- or 12-month-old C57BL/6 male mice and gray value analysis by Image J.

(G) Western blot in different groups of 12-month-old C57BL/6 male mice and gray value analysis by Image J. At least three different x400 image fields per
each sample were quantified. Values represent the mean + Standard error of mean (SEM). *p < 0.05; **p < 0.01; ***p < 0.001; t test. OT: oxytocin.

2009; Elabd et al., 2008, 2014). Interestingly, we found that OTRs were specifically located in hepatocytes
from mouse and human. Notably, the expression of OTRs also decreases with age, hinting that OT
signaling pathway may play a role in liver senescence. There are two types of liver regeneration in mam-
mals. The first type of liver regeneration occurs after mild injury or partial hepatectomy. Massive remaining
mature hepatocytes enter the cell cycle without an apparent dedifferentiation into a progenitor/stem cell-
like state (Miyajima et al., 2014; Hu et al., 2018; Fausto et al., 2012). Genetic lineage tracking methods have
demonstrated that hepatocytes around the portal vein can replenish liver mass after injury (Font-Burgada
et al., 2015). The Axin2 protein lineage tracking allele shows that mature hepatocytes located around the
central vein drive homeostatic hepatocyte self-renewal (Wang et al., 2015). The second type of liver regen-
eration occurs after massive or chronic liver injury (treatment of various compounds), and its regeneration is
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inhibited due to massive destruction of hepatocytes. At this time, liver regeneration is mainly mediated by
hepatic progenitor cells (Zhang et al., 2008; Kung et al., 2010; Turner et al., 2011). In chronic liver injury, adult
hepatocytes can be reprogrammed into proliferating bipotent progenitors (Tanimizu et al., 2014; Tarlow
etal, 2014; Yimlamai et al., 2014; Yanger et al., 2014). In our study, we found that OT significantly promotes
the hepatocytes growth. Interestingly, in either the model of partial hepatectomy or CCls-induced acute
liver injury, OT had no obvious effect in young mice but markedly promotes the regeneration of the remain-
ing liver after partial hepatectomy or dramatically reduced CCls-induced liver toxicity in aged mice. High
serum Cyp2E1 concentration in aged mice suggested the elderly liver has weak detoxification ability but
notably exogenous OT can improve its ability to deal with CCl, toxic metabolites. In a word, OT promotes
the regeneration of hepatocytes, especially in aged mice.

Autophagy is a highly conservative mechanism to maintain cell homeostasis under normal or stress con-
ditions. It maintains cell homeostasis by degrading damaged organelles and protein aggregates and
plays an important role in the process of cell senescence (Cuervo, 2008; Rubinsztein et al., 2011; Zhou
et al., 2017; Garcia-Prat et al., 2016). It is well known that factors such as starvation, exercise, infection,
oxidative stress can cause autophagy, and up-regulation of autophagy can slow down cell senescence,
and inhibition of autophagy can promote cell senescence (Galluzzi et al., 2014). Current studies have
shown that autophagy function damage caused by inactivation of various autophagy-related genes,
together with other factors, is involved in the occurrence of age-related diseases such as neurodegener-
ative diseases, cancer, cardiac insufficiency, sarcopenia (Rubinsztein et al., 2011; Zhou et al., 2017; Hara
et al., 2006). Mufoz-Cénoves P and Ho et al. revealed the key role of autophagy in cell metabolism
and function maintenance, and impaired autophagy is related to cell failure and aging (Garcia-Prat
et al., 2016; Ho et al., 2017).

In the process of autophagy, the non-activated cytoplasmic LC3 (LC3-I) is hydrolyzed and lipidated into
activated LC3-Il, and LC3-Il binds to the autophagosome membrane. The content of LC3-Il is directly pro-
portional to the number of autophagic vesicles. When autophagy occurs in mammalian cells, the content of
LC3 in the cell and the conversion of LC3-I to LC3-Il are significantly increased. And Beclin-1 is a marker of
phagocytic vesicles and autophagosomes. A recent study has shown that OT increases the expression of
the autophagy-associated protein Beclin-1 in human ovarian cancer cell lines SKOV3 and MDAH-2774
(Mankarious et al., 2016). Our current research shows that the autophagy activity of mouse and human liver
will decrease with age, and OT will increase the expression of autophagy markers in mouse liver. Consistent
with this phenomenon, OTRs expression and the levels of serum OT decrease with age. All these results
hint that the regulation of autophagy may underline the OT-exerted promotion on liver regeneration.

In our study, we found OT enhances basal- or rapamycin-induced autophagy of mouse hepatocytes in vitro
or in vivo. Therefore, we believe that OT can induce autophagy to promote liver regeneration, but there is
no relevant evidence for the relationship between OT/OTR signaling and autophagy-associated proteins.
OTR is a G-protein-coupled receptor that activates proteinase C and induces intracellular calcium release
when it binds to OT, thus, OTR acts as a second messenger to initiate cascade reactions, causing a series of
activity changes in cells (Gimpl and Fahrenholz, 2001). Previous studies, including ours own, have proved
that phosphorylated ERK1/2 is an effector downstream of OT (Strakova et al., 1998;Elabd et al., 2008;Ji
et al., 2019). A recently published study shows that OT alleviates cellular senescence of aging cells in
skin tissue through OTR-mediated ERK/Nrf2 signals (Cho et al., 2019). Furthermore, ERK1/2 also partici-
pated in the regulation of autophagy in the liver (Xiao et al., 2016). Therefore, we speculate that OT may
promote autophagy of hepatocytes through activating phosphorylation of ERK1/2, thereby reversing the
senescence of hepatocytes.

In this study, we also found that OT has a dual effect on liver regeneration. (1) OT has a linear effect on liver
regeneration in the lower concentration range. (2) High concentrations of OT inhibit the growth of liver or-
ganoids. (3) Compared with old mice, young mice already have a higher OT concentration baseline, and
injection of OT to increase blood OT content does not promote the regeneration of their liver.

For these unusual results, we suspect that high concentrations of OT will saturate OTRs and produce nega-
tive feedback. Or an increase in the concentration of OT is accompanied by an up-regulation of OTRs.
When the concentration of OT rises above the critical point, it will in turn inhibit the ability of OTRs. These
are also the directions that we need to study in depth in our future work.
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In conclusion, OTRs are expressed in hepatocytes, and the expression of OTR and its ligand OT decrease
with age. Interestingly, OT promotes hepatocyte regeneration and reverses hepatocyte senescence in
aged mice that may be achieved by increasing autophagy level.

Limitations of the study

Our study reported that OT promoted liver regeneration in aging mice. But the role of autophagy in liver
regeneration needs further research.
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