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a b s t r a c t

Background: Liver cirrhosis is an end-stage multiple liver disease. Mesenchymal stem cells (MSCs) are an
attractive cell source for reducing liver damage and regressing fibrosis; additional therapies accompa-
nying MSCs can potentially enhance their therapeutic effects. Kampo medicines exhibit anti-
inflammatory and anti-oxidative effects. Here, we investigated the therapeutic effect of MSCs com-
bined with the Kampo medicine Juzentaihoto (JTT) as a combination therapy in a carbon tetrachloride
(CCl4)-induced cirrhosis mouse model.
Methods: C57BL/6 mice were administered JTT (orally) and/or MSCs (one time, intravenously). The levels
of liver proteins were measured in the sera. Sirius Red staining and hydroxyproline quantitation of
hepatic tissues and immune cells were conducted, and their associated properties were evaluated. Liver
metabolomics of liver tissues was performed.
Results: JTT monotherapy attenuated liver damage and increased serum albumin level, but it did not
effectively induce fibrolysis. JTT rapidly reduced liver damage, in a dose-dependent manner, after a
single-dose CCl4 administration. Furthermore, JTT-MSC combination therapy attenuated liver damage,
improved liver function, and regressed liver fibrosis. The combination increased the CD4þ/CD8þ ratio.
JTT had stronger effects on NK and regulatory T cell induction, whereas MSCs more strongly induced anti-
inflammatory macrophages. The combination therapy further induced anti-inflammatory macrophages.
JTT normalized lipid mediators, and tricarboxylic acid cycle- and urea cycle-related mediators effectively.
Conclusions: The addition of JTT enhanced the therapeutic effects of MSCs; this combination could be a
potential treatment option for cirrhosis.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction spontaneous fibrosis regression (also known as fibrolysis), chronic
The liver can be damaged by several factors, including hepatitis
virus infection, alcohol, and non-alcoholic steatohepatitis (NASH).
Although the liver has high regenerative potential and can exhibit
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liver damage can lead to fibrosis and cirrhosis [1]. The standard
treatment for advanced cirrhosis is liver transplantation; however,
this procedure is invasive, and the availability of liver donors is
scarce. Cirrhosis treatments that can suppress the activation of
hepatic stellate cells (HSCs) and fibrogenesis, as well as induce
fibrolysis and anti-inflammatory macrophages, are desired [2].

Mesenchymal stem cells (MSCs), multipotent stem cells that can
be differentiated into osteocytes, chondrocytes, and adipocytes, can
be harvested from not only bone marrows but also medical wastes,
such as adipose tissues, umbilical cord tissues, and dental pulp, and
are therefore an attractive therapy for cirrhosis. MSCs exhibit anti-
oxidative and anti-inflammatory effects, which can potentially
suppress fibrogenesis and induce fibrolysis [3e5]. Briefly, their
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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anti-oxidative effect can reduce hepatocyte damage and inactivate
immune cells, thereby suppressing HSC activation and fibrogenesis.
In addition, MSCs can activate anti-inflammatory macrophages that
lead to fibrolysis [6e8]. However, to enhance the therapeutic effect
of MSCs, they are administered in combinationwith conventionally
used drugs.

The Kampomedicine Juzentaihoto (JTT) is a dried and powdered
hot-water-extract of 10 crude drugs mixed at the following ratio:
Astragali radix (3.0), Cinnamomi cortex (3.0), Rehmanniae radix
(3.0), Paeoniae radix (3.0), Cnidii rhizoma (3.0), Atractylodis lanceae
rhizoma (3.0), Angelicae radix (3.0), Ginseng radix (3.0), Poria (3.0),
andGlycyrrhizaeradix(1.5) [9,10]. JTT is traditionallyadministeredto
patients with anemia, anorexia, or fatigue [11], and used to restore
physical strengthpost surgeryand alleviate potential adverse effects
of anti-cancer drugs and radiation therapy [12,13]. Reportedly,
components of these herbs exhibit anti-inflammatory and anti-
oxidative effects and can inhibit the activation of pro-inflammatory
cytokines and immunomodulate macrophages [9]. However, the
therapeutic effect of JTT for liver damage andfibrosis remains poorly
understood.

In this study, we aimed to evaluate JTT monotherapy in a CCl4-
induced liver cirrhosis mouse model. We believe that JTT can also
enhance the therapeutic effects of MSCs; hence, we determined the
effect of MSC and JTT as a combination therapy in this model.
Finally, we evaluated immune cells following therapy and con-
ducted metabolome analysis using mouse liver samples.

2. Methods

2.1. Animals and environmental conditions

C57BL/6 male mice were purchased from Charles River Labo-
ratories (Yokohama, Japan) and housed in a specific pathogen-free
environment and maintained under standard conditions with a 12/
12-h day/night cycle. The mice had access to food and water ad
libitum. All animal experiments were conducted in compliancewith
the regulations and approved by the Institutional Animal Care and
Committee of Niigata University.

2.2. Dietary JTT supplementation

JTT was provided by Tsumura & Co. (Tokyo, Japan) and mixed
with the standard diet CE-2 (CLEA Japan, Inc., Tokyo, Japan) at 3 %
(normal dose) or 1.5 % (low dose).

2.3. MSCs

Human bone marrow-derived (BM-MSCs; passage 2) and adi-
pose tissue-derived MSCs (AD-MSCs; passage 2) were obtained
from PromoCell (Heidelberg, Germany; C-12977). The cells were
expanded through passage 4 in StemPro MSC SFM XenoFree me-
dium (Thermo Fisher Scientific, Waltham, MA, USA) under hypoxic
(5 %) conditions in the presence of 5 % CO2 at 37 �C.

The morphology, proliferation potential, adherence rate, and
viability of the cells were tested using PromoCell. The cells were
analyzed by flow cytometry using a comprehensive panel of
markers, CD73/CD90/CD105 and CD14/CD19/CD34/CD45/HLA-DR.
Adipogenic, osteogenic, and chondrogenic differentiation assays
were performed for each lot in the absence of antibiotics and
antimycotics.

2.4. Mouse cirrhosis model

Ten-week-old male mice were intraperitoneally injected with
1 mL/kg CCl4 dissolved in corn oil (both from Fujifilm Wako Pure
232
Chemical Industries Ltd., Osaka, Japan) at a 1:10 volumetric ratio,
twice weekly until euthanasia. One week was necessary to achieve
the effective blood concentration; therefore, 7 weeks after CCl4
administration, CE-2was continuedwith JTT (3%or 1.5 %) orwithout
JTT for 4weeks. In addition,1�106MSCswereadministered8weeks
after CCl4 administration. During JTT and/or MSC treatment, CCl4
was also administered until euthanasia. Three days after the final
CCl4 administration, serumandfibrosis analyseswereperformed. In
the single-dose CCl4 injection experiment, CE-2 with JTT (3 %) was
administered 7 days before CCl4 administration (same dose as
described above). Thirty-six hours after CCl4 administration, serum
and tissues were obtained following euthanasia.

2.5. Serum analyses

Serum levels of alanine aminotransferase (ALT), aspartate
transaminase (AST), and albumin (ALB) were determined by Ori-
ental Yeast Co., LTD. Nagahama LSL (Nagahama, Japan) using car-
diac blood samples.

2.6. Sirius Red staining

To quantify fibrosis, tissues fixed with 10 % formalin were cut
into 4-mm thick sections and stained with Sirius Red. Micrographs
were captured from each section randomly (�40, 10 fields/mouse)
using an all-in-one microscope (BZ-9000, Keyences, Osaka, Japan).
Quantitative analysis of the fibrotic areas was performed using
ImageJ (version 1.6.0 20, National Institutes of Health, Bethesda,
MD, USA).

2.7. Hydroxyproline assay

Liver samples (20mg) were homogenized and assayed using the
QuickZyme Hydroxyproline Assay kit (QuickZyme Bioscience, Zer-
nikedreef, Netherlands) according to the manufacturer's in-
structions. The liver samples were extracted and their absorbances
were measured at 570 nm using Thermo Scientific Multiskan FC
(Thermo Fisher Scientific, Waltham, MA, USA). Data are expressed
as the mass of hydroxyproline per 1 mg liver tissue.

2.8. Flow cytometry

Themice were anesthetized with isoflurane (FujifilmWako Pure
Chemical Industries Ltd., Osaka, Japan), and their livers were
perfused with PBS. The livers were finely chopped and further
dissociated in gentleMACS C tube (Miltenyi Biotec, Bergisch Glad-
bach, Germany) using the Liver Dissociation Kit (Miltenyi Biotec)
and gentleMACS (Miltenyi Biotec) according to the manufacturers’
instructions. The dissociated cells were washed and stained with
appropriate antibodies (Supplementary Table 1), and then analyzed
using a BD FACSAria™ III (Becton Dickinson, Franklin Lakes, NJ,
USA). Dead cells were excluded by 7-amino-actinomycin D (Becton
Dickinson) counterstaining. Data were analyzed using FlowJo 10.7.1
software (Becton Dickinson).

2.9. Liver metabolomics

Hepatic hydrophilic metabolites and lipid mediators were
measured by liquid chromatographyetandem mass spectrometry
(LCeMS/MS) and gas chromatographyetandemmass spectrometry
(GCeMS/MS). Analyses were conducted as previously described
[14] using the Method Packages (Shimadzu, Kyoto, Japan), which
contains a mass spectral library, method files specifying the
analytical conditions, and data analysis parameters. A more
detailed protocol is described in Supplementary Methods 1.
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2.10. Statistical analyses

Statistical analyses were performed using GraphPad Prism8
(GraphPad Software Inc., La Jolla, CA, USA), R (R Foundation,
Vienna, Austria), and Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA). Data are presented as mean ± SD. The results
were assessed using Welch's t-test. Differences between groups
were analyzed using Welch's one-way ANOVA. Metabolomics data
were processed using R. Plots, charts, and heatmaps were pre-
pared using R and Microsoft Excel. R was used to calculate the
statistical significance of differences between two points using
ManneWhitney U test. Differences were considered significant at
p < 0.05.
Fig. 1. Therapeutic effect of Juzentaihoto (JTT) (5-week oral administration) in a CCl4-ind
transaminase (AST), alanine transaminase (ALT), and albumin (ALB) on day 84. (C) Sirius R
fication of hydroxyproline. n ¼ 4 in each group. Data are presented as mean ± SD. **p < 0
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3. Results

3.1. JTT attenuates liver damage but does not regress fibrosis

To evaluate the therapeutic effect of JTT, 3 % JTT in a standard
diet was administered for the last 5 weeks of the 12-week CCl4
(twice weekly) cirrhosis model (Fig. 1A). The serum levels of AST
(Ctrl group; 834.5 ± 40.6 IU/L, JTT group; 141.3 ± 81.9 IU/L, p < 0.01)
and ALT (Ctrl group; 557.5 ± 106.4 IU/L, JTT group; 77.8 ± 4.7 IU/L,
p < 0.01) significantly decreased in the JTT group compared with
those in the Ctrl group (Fig. 1B). In addition, the serum ALB level
significantly increased (Ctrl group; 3.13 ± 0.19 g/dL, JTT group;
3.53 ± 0.08 g/dL, p < 0.05) in the JTT group relative to that in the Ctrl
uced cirrhosis mouse model. (A) Experimental scheme. (B) Serum levels of aspartate
ed staining of the liver tissue. Scale bar ¼ 500 mm. (D) Sirius Red staining. (E) Quanti-
.01, *p < 0.05. Ctrl, control; ns, not significant.
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group (Fig. 1B). Sirius Red staining and hydroxyproline quantitation
showed that the stained areas (Ctrl group; 0.14 ± 0.03%, JTT group;
0.13 ± 0.03%, p ¼ 0.56; Fig. 1C and D) and hydroxyproline level (Ctrl
group; 5.86 ± 0.66 nmol/mg, JTT group; 5.47 ± 0.43 nmol/mg,
p ¼ 0.16; Fig. 1E) did not significantly decrease following JTT
treatment. These results revealed that the oral intake of JTT effec-
tively attenuated liver damage and increased ALB production;
however, it did not effectively regress fibrosis.

3.2. JTT reduces fibrogenesis by reducing liver damage

In the aforementioned experiment, we could not confirm
whetherfibrosis had been regressed by JTT intake. Therefore, 3 % JTT
Fig. 2. Therapeutic effects of Juzentaihoto (JTT) (13-week oral administration) in a CCl4-in
transaminase (AST), alanine transaminase (ALT), and albumin (ALB) on day 84. (C) Sirius R
fication of hydroxyproline. n ¼ 4 in each group. Data are presented as mean ± SD. **p < 0
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was administered a week before the 12-week CCl4 administration
(Fig. 2A). The serum level of AST (Ctrl; 691.3 ± 64.3 IU/L, JTT group;
84.0 ± 16.6 IU/L, p < 0.01) and ALT (Ctrl group; 673.8 ± 64.3 IU/L, JTT
group; 72.5 ± 18.6 IU/L, p < 0.01) was significantly decreased,
whereas that of ALB (Ctrl group; 3.15 ± 0.11 g/dL, JTT group;
3.40 ± 0.12 g/dL, p < 0.05) was significantly increased by JTT treat-
ment (Fig. 2B). Sirius Red-stained areas (Ctrl group; 0.14± 0.03%, JTT
group; 0.09± 0.04%, p< 0.01) and hydroxyproline levels (Ctrl group;
5.09 ± 0.91 nmol/mg, JTT group; 3.50 ± 0.62 nmol/mg, p < 0.05)
decreased significantly with JTT treatment (Fig. 2CeE). These data,
together with those described above, indicate that JTT can reduce
fibrogenesis by attenuating liver damage. However, we suspected
that JTT possesses a weak ability to induce fibrolysis in this model.
duced cirrhosis mouse model. (A) Experimental scheme. (B) Serum levels of aspartate
ed staining of the liver tissue. Scale bar ¼ 500 mm. (D) Sirius Red staining. (E) Quanti-
.01, *p < 0.05. Ctrl, control; ns, not significant.
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3.3. JTT attenuates short-term liver damage after single-dose CCl4
treatment

To determine whether JTT can reduce short-term liver damage,
3 % JTT was administered one week before single-dose CCl4 treat-
ment (Supplementary Fig. 1A). While the serum ALB level did not
significantly change, the serum AST (Ctrl group; 12,758 ± 1797 IU/L,
JTT group; 4870 ± 856 IU/L, p < 0.01) and ALT levels (Ctrl group;
16,885 ± 3357 IU/L, JTT group; 7538 ± 1606 IU/L, p < 0.05) signif-
icantly decreased (Supplementary Fig. 1B) with a corresponding
decrease in the damage areas in the liver tissues (Supplementary
Fig. 1C). These results indicate that on achieving effective blood
concentration, JTT could promptly/effectively reduce liver damage.
3.4. JTT induces therapeutic effects in a dose-dependent manner

We evaluated the dose dependency of JTT treatment in the 12-
week model. Accordingly, 3 % (JTT) or 1.5% (low-dose JTT) JTT, or
Ctrl diet, was initiated 7 weeks post CCl4 administration and
continued until euthanasia (Fig. 3A). The serum level of ALB
significantly increased, whereas that of AST and ALT significantly
decreased in both low-dose JTT and JTT groups compared with
those in the Ctrl group. Moreover, the serum ALT level in the JTT
group was significantly lower than that in the low-dose JTT group
(JTT group; 61 ± 7.6 IU/L, low-dose JTT group; 113 ± 7.4 IU/L,
p < 0.01; Fig. 3B). These results indicate that JTT could effectively
Fig. 3. Therapeutic effect of low-dose Juzentaihoto (JTT) (five-week oral administra-
tion) in a CCl4-induced cirrhosis mouse model. (A) Experimental scheme. (B) Serum
levels of aspartate transaminase (AST), alanine transaminase (ALT), and albumin (ALB)
on day 84. Data are presented as mean ± SD. **p < 0.01. Ctrl, control; ns, not
significant.
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attenuate liver damage even at a low dose and that its therapeutic
effect was dose dependent.

3.5. Combination therapy of JTT and MSC attenuates liver damage
and regresses fibrosis

We evaluated the effect of combining JTT with MSCs using the
12-week CCl4 (twice weekly) cirrhosis model by comparing it with
the no treatment (Ctrl) group, MSC group (one-time injection of
MSCs at 8 weeks after CCl4 administration), and JTT group (3 % of
JTT with standard diet started from 7 weeks until sacrifice;
Fig. 4A). While both MSC and JTT groups presented significantly
decreased serum AST and ALT levels relative to the Ctrl group, the
JTT-MSC group exhibited an additional decrease in these levels
(ALT, MSC group; 157 ± 48.1 IU/L, JTT-MSC group; 35 ± 11.3 IU/L,
p < 0.01, JTT group; 85 ± 17.3 IU/L, JTT-MSC group; 35 ± 11.3 IU/L,
p < 0.01). Moreover, the JTT and JTT-MSC groups presented
significantly increased serum ALB level compared with the MSC
and Ctrl groups (MSC group; 3.23 ± 0.04 g/dL, JTT group;
3.56 ± 0.08 g/dL, p < 0.01, MSC group; 3.23 ± 0.04 g/dL, JTT-MSC
group; 3.43 ± 0.13 g/dL, p < 0.01; Fig. 4B). We further evaluated
fibrosis by calculating Sirius Red-stained areas and quantifying
liver hydroxyproline amount. We found that the MSC and JTT-MSC
combination reduced fibrosis relative to the JTT and Ctrl groups
(Sirius Red, JTT group; 0.13 ± 0.03%, JTT-MSC group; 0.09 ± 0.03%,
p < 0.01, hydroxyproline, JTT group; 5.36 ± 1.06 nmol/mg, JTT-MSC
group; 2.11 ± 0.37 nmol/mg, p < 0.01), suggesting that MSC
therapy could regress fibrosis more efficiently (Fig. 4CeE). Overall,
JTT and MSCs attenuated liver damage individually, at different
points of action, and therefore, could attenuate liver damage,
improve liver function, and regress liver fibrosis, resulting in
better therapeutic effect.

3.6. The effect of combination therapy against immune cells in the
liver

To elucidate the modes of action by which JTT and MSC induced
therapeutic effects, we performed flow cytometry to evaluate the
following ratios: NKp46þ (NK cells)/CD45þ, CD4þ/CD8þ,
CD4þCD25þ (regulatory T, Treg cells) [15,16]/CD4þ, and
CD11bþLy6chigh (pro-inflammatory macrophages)/CD11bþLy6cmid-

dle (anti-inflammatory macrophages) [17]. While both JTT and MSC
individual treatments increased the CD4þ/CD8þ ratio, JTTefficiently
increased the NKp46þ/CD45þ and CD4þCD25þ/CD4þ ratios, sug-
gesting that JTT could efficiently increase NK cells and Treg cells in
the liver. In contrast, MSC treatment decreased the CD11bþLy6chigh/
CD11bþLy6cmiddle ratio efficiently compared with the JTT group.
Combination therapy of JTT-MSC decreased this ratio further, sug-
gesting that MSCs possess a stronger ability to induce anti-
inflammatory macrophages (Fig. 5AeD). While the effects against
immune cells in the liver by JTT and MSC were different, JTT-MSC
combination therapy affected the immune response, inducing the
production of Treg cells and anti-inflammatory macrophages.

3.7. JTT partially restores the lipid level, tricarboxylic acid, and urea
cycle more effectively than MSCs

We conducted metabolome analyses of normal liver and CCl4-
administered cirrhotic liver with and without treatment (JTT,
MSC, and JTT-MSC combination groups). First, we conducted the
following pairwise comparisons of liver metabolites: CCl4-no
treatment vs. normal, CCl4 with JTT vs. normal, CCl4 with MSC vs.
normal, and CCl4 with JTT-MSC vs. normal. We found that the levels
of 61 metabolites were significantly increased, and those of 10
metabolites were decreased by CCl4 treatment (Fig. 6A,



Fig. 4. Therapeutic effect of Juzentaihoto (JTT) (five-week oral administration) and/or mesenchymal stem cells (MSCs) in aCCl4-induced mouse cirrhosis model. (A) Experimental
scheme. (B) Serum levels of aspartate transaminase (AST), alanine transaminase (ALT), and albumin (ALB) on day 84. (C) Sirius Red staining of the liver tissue. Scale bar ¼ 500 mm.
(D) Frequency of Sirius Red-stained areas. (E) Quantification of hydroxyproline. n ¼ 4 in each group. Data are presented as mean ± SD. **p < 0.01, *p < 0.05. Ctrl, control; ns, not
significant; JTT-MSC, JTT and MSC combination therapy.
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Supplementary data 1, p < 0.05). The number of metabolites
exhibiting a log2 fold-change of ±3 or more was 13 in the CCl4
treatment group, whereas it was four in the CCl4 with JTT, six in the
CCl4 with MSC, and two in the CCl4 with JTT-MSC groups
(Supplementary Figs. 2AeC). Next, to compare the effect of each
treatment, we conducted pairwise comparisons of these metabo-
lites between the CCl4-no treatment group and each drug treat-
ment group.

Regarding the other treatments, JTT decreased the levels of liver
metabolites, especially lipid mediators, and tricarboxylic acid (TCA)
cycle- and urea cycle-related metabolites (Fig. 6B, Supplementary
236
data 1, levels of 29 metabolites decreased, p < 0.05), whereas
there was a slight change in the MSC group (Fig. 6C, Supplementary
data 1, levels of six metabolites increased, and those of 12 metab-
olites decreased, p < 0.05). The JTT-MSC combination also
decreased liver lipidmediator levels (Fig. 6D, Supplementary data 1,
levels of six metabolites increased, and those of 16 metabolites
decreased, p < 0.05).

Heatmaps of individual lipid mediators show that the CCl4
treatment affected awide range of lipidmediators, and JTTandMSC
suppressed many of them. The effect of JTT treatment on u6 fatty
acids tended to be stronger than that of the CCl4 with MSC
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treatment according to the changes in 9-HODE, 13-HODE, PGA2, 8-
iso-PGA2, and PGJ2. The effect of the combination was comparable
to that of the JTT treatment (Fig. 7A). The pathway analysis of the
TCA and urea cycles showed that while the changes after CCl4 with
MSC treatment were insignificant, CCl4 with JTT significantly
reduced metabolite levels, particularly the levels of malic acid and
fumaric acid. In addition, 2-ketoglutaric acid, glutamic acid,
gamma-aminobutyric acid, and aspartic acid were also apparently
decreased in the CCl4 with JTT group (Fig. 7B). Hence, we conclude
237
that JTT is more effective metabolically than MSCs and that JTT
supports and strengthens the therapeutic effects of MSCs.

4. Discussion

In the present study, we elucidated that JTT and MSC combi-
nation therapy attenuates liver damage, improves liver function,
and regresses liver fibrosis. Although both JTT and MSCs attenuated
liver damage by increasing the ratio of CD4þ/CD8þ, the two



Fig. 6. Volcano plots of the liver metabolome analysis. (A) No treatment versus CCl4-induced, (B) JTT versus CCl4, (C) MSC versus CCl4, and (D) JTT-MSC versus CCl4. Plots represent
log2 fold-change value versus �log10 p-value. Black, red, and blue dots indicate p < 0.05, and others are indicated in gray. n ¼ 8 in each group. Red and blue, and black dots represent
the metabolite classes (lipid mediators, TCA and urea cycle-related metabolites, and others, respectively). JTT-MSC, JTT and MSC combination therapy.
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treatments had different modes of action. JTT increased serum ALB
with an increase in NK cells and Treg cells. In addition, JTT effec-
tively normalized lipid levels, TCA cycle, and urea cycle. However,
MSC treatment reduced fibrosis while increasing anti-
inflammatory macrophages. Overall, we consider that these
different modes of action effectively regressed the damage in our
cirrhosis model.

Our results after injecting MSCs were consistent with those of a
previous study [6]. Xenogenic human MSCs are useful for their
effect on murine liver injury models [7,8]. Watanabe et al. reported
that MSCs migrate primarily into the lung after injection, act as
“conducting cells” by producing humoral factors, affect “effector
cells,” and exert therapeutic effects [6]. During cirrhosis, macro-
phages are the main effector cells [18]. MSCs have been reported to
induce anti-inflammatory macrophage activation, confirmed in the
current study; anti-inflammatory macrophages are essential for
improving fibrosis and tissue repair. They possess phagocytic
ability and produce matrix metalloproteinases (MMPs) [4,6]. In
contrast, MSCs have been reported to exert therapeutic potential
when host inflammation activity is high, that is, MSCs can be
influenced by their circumstances and change their therapeutic
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potential [3]. Although several clinical studies have confirmed the
therapeutic effects of MSCs, only a few MSC therapies have been
approved. Hence, to clarify these discrepancies, we attempted the
JTT and MSC combination therapy.

JTT has been used or expected to be used in several clinical
settings. Kawai et al. reported that JTT combined with chemo-
therapy improved the progression-free survival of patients with
postoperative recurrence of non-small cell lung cancer by pre-
venting nutritional disorders [19]. Hisha et al. reported that an n-
hexane extract from JTT had hematopoietic stem cellestimulatory
activity. The authors also fractionated the extract and found that
oleic acid and linolenic acid are potent hematopoietic stem cell
stimulators [20]. In an animal study, Choi et al. reported that JTT
reduced cancer-induced anorexia and cachexia in mice [21].
Furthermore, Ohnishi et al. reported that JTT inhibits liver metas-
tasis of colon-cancer cells in mice [13].

With respect to hepatology, Shosaikoto, a Kampo medicine, is
commonly used. Shosaikoto is composed of seven crude drugs:
Bupleuri radix (7.0), Pinelliae tuber (5.0), Scutellariae radix (3.0),
Zizyphi fructus (3.0), Ginseng radix (3.0), Glycyrrhizae radix (2.0),
and Zingiberis rhizoma (1.0). It has been reported to exert anti-
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inflammatory and anti-fibrotic effects experimentally and clinically
[22e24]. Recently, Takahashi et al. reported that JTT and Shosaikoto
inhibited necroinflammation and fibrosis in a nonalcoholic stea-
tohepatitis (NASH) model [25]. As JTT and Shosaikoto share two
herbs (Ginseng radix and Glycyrrhizae radix), we considered that
the therapeutic effects observed in the present study are attribut-
able to these herbs. Reportedly, the extracts from Ginseng radix
exhibit anti-oxidative activities, whereas glycyrrhizin extracted
from Glycyrrhizae radix demonstrates anti-inflammatory activities
[9]. As each crude-drug component contains numerous ingredients
and exerts therapeutic effects by themselves, it remains difficult to
elucidate whether only Ginseng radix or Glycyrrhizae radix is
effective. However, we consider that their anti-inflammatory and
anti-oxidative effects would be their key modes of action.
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In this study, we conducted flow cytometry of immune cells in
the liver and found that both JTT and MSC individually increased
the CD4þ/CD8þ ratio. In addition, JTT increased NK cells and Treg
cells. MSC therapy increased anti-inflammatory macrophages more
effectively than JTT therapy. Ishikawa et al. reported that JTT
significantly increased the serum IL-12 and IFN-g levels and
induced NK cell activity, which increased the inhibitory action of
anti-PD-1 antibody on B16 cell metastasis [12]. This is consistent
with our finding that NK cells increased in the liver. As IFN-g has
been reported to kill activated hepatic stellate cells [26] and
strengthen the anti-inflammatory effects of MSCs [8], it is possible
that IFN-g and other factors induced by JTT also enhance the
therapeutic effects of MSCs. Induction of Treg cells by JTT has not
been reported yet. We could not determine whether JTT induced
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Treg cells directly or indirectly. Further research in this regard is
needed. However, the effects of JTT against macrophages have been
reported. Liu et al. reported that JTT promoted the differentiation of
transplanted bonemarrow cells intomicroglia in the injuredmouse
brain [9]. Takaoka et al. reported that glycolipids of JTT stimulated
macrophages [27]. Furthermore, Onishi et al. reported that JTT
activated macrophages and T cells and prevented the metastasis of
colon cancer cells to the liver in mice [13]. However, none of these
reports mentioned macrophage polarity. JTT may have additional
effects on macrophages that facilitate tissue repair by MSCs.

Interestingly, both MSCs and JTT decreased the serum AST and
ALT to similar levels; however, MSCs did not strongly increase the
serum ALB level compared with JTT. To the best of our knowledge,
this phenomenon has not been reported yet. ALB is produced by
hepatocytes, and therefore, we considered that JTT affects the
function of hepatocytes. Although we could not elucidate the un-
derlying mechanism, our findings demonstrate that JTT affected
metabolites such as lipid mediators, and those related to the TCA
cycle and urea cycle in the liver. Altered arachidonic acid meta-
bolism, a shift from the TCA cycle to aerobic glycolysis, and hyper-
ammonemia due to reduced urea synthesis are characteristics of
hepaticfibrosis [28]. Glutamine synthesis, as an alternative pathway
for ammonia detoxification, is observed in patients with cirrhosis
[29]. Moreover, amino acid imbalance in patients with cirrhosis
disturbs the TCA cycle of dendritic cells [30]. In the current study,
lipid mediators that are major arachidonic acid metabolites; TCA
cycle-related metabolites such as malic acid, fumaric acid, and
aspartic acid; and the urea cycle-related metabolite, glutamine,
were increased in CCl4-administered cirrhotic livers. These findings
are consistent with the previous reports mentioned herein. There-
fore, the partially restored metabolic function of the liver mediated
by JTTcouldbe associatedwith improved liverhealth.Normalization
of liver functionby JTT togetherwith theanti-fibrotic effects induced
by MSCs effectively attenuated cirrhosis in the present study.

This study had somediscussable concerns.MSCs produce several
biologically active factors, whereas JTT contains numerous com-
pounds, thereby making it difficult to specifically identify the moi-
eties associated with the observed therapeutic effects. However,
such multicomponent mixtures may be beneficial for appropriate
immunomodulation. Recently, multiple studies have purified and
characterizedKampomedicinal compounds byhigh-pressure liquid
chromatography [27]. It has been reported that MSC-derived exo-
somes are attributable to the function of MSCs [5]. The levels of
proteins, miRNAs, and lipids of the secreted exosomes have been
elucidated. Specific combinations of substanceswill beused asnovel
therapeutic strategies in the future to treat various diseases.
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