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a b s t r a c t

Background: The intestinal microbiota is an important regulator of bone health. In previous studies we
have shown that intestinal microbiota dysbiosis, induced by treatment with broad spectrum antibiotics
(ABX) followed by natural repopulation, results in gut barrier dysfunction and bone loss. We have also
shown that treatment with probiotics or a gut barrier enhancer can inhibit dysbiosis-induced bone loss.
The overall goal of this project was to test the effect of Korean Red Ginseng (KRG) extract on bone and gut
health using antibiotics (ABX) dysbiosis-induced bone loss model in mice.
Methods: Adult male mice (Balb/C, 12-week old) were administered broad spectrum antibiotics (ampi-
cillin and neomycin) for 2 weeks followed by 4 weeks of natural repopulation. During this 4-week period,
mice were treated with vehicle (water) or KRG extract. Other controls included mice that did not receive
either antibiotics or KRG extract and mice that received only KRG extract. At the end of the experiments,
we assessed various parameters to assess bone, microbiota and in vivo intestinal permeability.
Results: Consistent with our previous results, post-ABX- dysbiosis led to significant bone loss. Impor-
tantly, this was associated with a decrease in gut microbiota alpha diversity and an increase in intestinal
permeability. All these effects including bone loss were prevented by KRG extract treatment. Further-
more, our studies identified multiple genera including Lactobacillus and rc4-4 as well as Alistipes finegoldii
to be potentially linked to the effect of KRG extract on gut-bone axis.
Conclusion: Together, our results demonstrate that KRG extract regulates the gut-bone axis and is
effective at preventing dysbiosis-induced bone loss in mice.
© 2022 The Korean Society of Ginseng. Publishing services 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

Osteoporosis is a pathological condition characterized by
decreased bone mass and/or altered bone quality/structure. The
detrimental consequence of osteoporosis is an increased risk for
bone fracture which can lead to increase in morbidity andmortality
and decrease in independence and quality of life. The economic
burden of fractures related to osteoporosis accounts for ~$17 billion
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in the US [1]. Current medications to treat osteoporosis have limi-
tations such as off-target effects and unwillingness of patients to
take medications out of fear of these off-target effects. Thus, a
critical unmet medical need is the identification of novel strategies
to prevent or treat osteoporosis without significant side effects
(reviewed in [2,3]).

Microbiota refers to collective consortium of microorganisms
(including bacteria, viruses, and fungi) found in a particular niche.
Based on studies over the last decade, we now know that intestinal
microbiota and its metabolites are important in regulating diverse
physiological processes [4]. Importantly, altered composition of
microbiota or a decrease in bacterial diversity has now been shown
to be closely linked with the pathogenesis of several disease pro-
cesses including IBD, obesity and diabetes [5]. We have shown that
pathogenic bacteria such as H. hepaticus causes bone loss [6].
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Conversely, we and others have shown that beneficial bacteria (eg.
probiotics) can enhance bone health and prevent bone loss in
various mouse models of osteoporosis (reviewed in [2]). In recent
studies we showed that when mice are administered oral broad-
spectrum antibiotics for 2 weeks followed by 4 weeks of natural
repopulation, microbiota composition is significantly altered and
this is associated with gut barrier dysfunction and significant bone
loss [7,8]. This suggests that directly perturbing a healthy micro-
biota with antibiotics can lead to bone loss in mice. We further
demonstrated that probiotic bacteria L. reuteri can prevent bone
loss induced by post-antibiotic dysbiosis. In this present study we
tested the effect of Korean Red Ginseng (KRG) on bone loss induced
by post-antibiotic dysbiosis. Although KRG has been shown to be
beneficial for preventing or attenuating a number of diseases
including bone loss [9], the effect of KRG on gut-bone axis has not
been investigated.

Ginseng, known as the “king of herbs” is an herbal root. Korean
Red Ginseng (KRG) belongs to the family of Araliaceae and is offi-
cially called the Panax ginseng Meyer. Its cultivation in Korea started
in ~11 B.C. The ginseng plant contains many active ingredients
including saponins, and ginsenosides. Recent studies have identi-
fied ~128 ginsenosides in Panax ginseng. Ginsenosides have been
reported to have multiple activities including anti-diabetic, anti-
cancer, anti-oxidant and anti-adipocyte properties (reviewed in
[10]). In addition to these properties some previous studies have
shown anti-osteoporotic activities. Previous studies have shown
that ginseng and its ingredients are beneficial to bone health
[11e15]. However, none of these studies have examined the effect
of KRG on gut-bone axis using the antibiotic-dysbiosis model in
mice. In this study we tested the hypothesis that microbiota
dysbiosis-induced barrier dysfunction and bone loss will be pre-
vented in KRG treated mice.
2. Materials and methods

2.1. Materials

Korean Red Ginseng (KRG) extract was obtained from Korea
Ginseng Corp. (Daejeon, Korea), and the major components of the
KRG extract are shown below as reported previously [16].
Ingredient Amount/g

Ginsenoside-Rg1 5.5 mg
Ginsenoside-Rg2 5.5 mg
Ginsenoside-Rg3 5.5 mg
Carbohydrates 0.33 g
2.2. Animals and experimental design

All animal procedures were approved by Michigan State Uni-
versity Institutional Animal Care and Use Committee and con-
formed to NIH guidelines. Eleven-week-old male Balb/C mice
(#C0009615) were obtained from Charles River Laboratories (Wil-
mington, MA, USA) and were allowed to acclimate to the facility for
one week prior to beginning experiments. Animals were housed at
4 mice per cage, on a 12:12 hour light-dark cycle, and had ad libi-
tum access to sterilized standard chow (Teklad 2019, Teklad,
Madison, WI, USA) and water. Upon reaching 12 weeks of age, mice
were treated with oral broad-spectrum antibiotics (2-wks of
ampicillin/neomycin, 160 and 80 mg/kg/day in sterilized drinking
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water), to deplete gram (þ) and (�) bacteria [7]. Following ABX
treatment, mice were given 4 weeks to naturally repopulate their
intestinal microbiome. Korean Red Ginseng extract (KRG extract) @
500mg/kg/d was orally (by gavage) administered once daily during
the duration of the 4-week treatment as follows: 1. Vehicle (H2O);
2. KRG extract 500 mg/kg/d (4 wk); 3. ABX (2 wk)þ vehicle(4 wk);
3. ABX (2 wk)þKRG extract 500 mg/kg/d (4 wk).

2.3. Microcomputed tomography (mCT) bone analysis

2.3.1. Femurs and vertebrae collected during harvest were scanned
in a GE Explore

Locus mCT (GE Healthcare, Piscataway, NJ, USA) at a resolution of
20 mm obtained from 720 views and were analyzed as described
before [7,8,17]. The distal femur trabecular bone regionwas defined
as 10% proximal to the distal growth plate based on total bone
length and excluded cortical bone. Trabecular bone was also
analyzed within the body of the L4 vertebrae. Trabecular bone
parameter values including volume, thickness, spacing, and num-
ber were obtained using GE HealthcareMicroView software version
2.2.

2.4. Microbiota analysis

A Qiagen® PowerSoil® DNA extraction kit was used to extract
DNA from the fecal pellets following standard protocol. The variable
region 4 of the bacterial 16S rRNA gene was amplified with uni-
versal primers 515f/806r and sequenced on the Illumina MiSeq
platform at theMichigan State University Sequencing Core. The raw
sequences were processed using QIITA (qiita.ucsd.edu [18]), which
is based on QIIME2 algorithms [19], and quality filtered to generate
amplicon sequence variants (ASVs) through the Deblur method
[20]. Alpha diversity was assessed by Shannon index using Qiita
and the values were input into GraphPad Prism for statistical
analysis. Beta diversity was assessed using Bray-Curtis dissimilarity
metric using Qiita. For analysis of bacterial composition at various
taxonomical ranks, the relative distribution at various taxonomical
ranks calculated from ASVs were input into GraphPad prism to
analyze the distribution of Phylum, Class, Order and Family in the
various groups. To further understand the relationship of the
abundance changes in the bacterial taxa to bone health, we per-
formed correlation analysis of the various taxa to that of femur BV/
TV. Based on these correlations, we then assessed if there are sta-
tistically significant differences in the relative abundance between
the various treatment groups. For this we focused at the level of the
genus and species.

2.5. In vivo intestinal permeability measure

For measuring whole intestinal permeability, mice were gav-
aged with 300 mg/kg of 4 kD fluorescein isothiocyanate dextran
(FITC-dextran) in sterile PBS 4 hours prior to the time of death.
Sterile blood was collected via cardiac puncture immediately after
euthanasia. Serum fluorescence was analyzed using Tecan Infinite
M 1000 fluorescent plate reader (Tecan, Mannedorf, Switzerland) at
an excitation/emission wavelength of 485/530 nm. The rate of 4 kD
FITC-dextran transfer into the serum was calculated as described
before [7].

2.6. Statistical analyses

Data analysis was performed using GraphPad Prism software
version 9 (GraphPad, San Diego, CA, USA). The statistical tests are
indicated in the figure legends. Data are shown as violin plots with
lines at the median and quartiles.

http://qiita.ucsd.edu
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3. Results

3.1. Dysbiosis model and general body parameters

Adult male mice (12 week, Balb/c) received oral broad-spectrum
antibiotics (2-wks of ampicillin/neomycin,160 and 80mg/kg/day in
sterilized drinking water), to deplete gram (þ) and (�) bacteria [7].
Following ABX treatment, mice were given 4 weeks to naturally
repopulate their intestinal microbiome. Korean Red Ginseng extract
(KRG extract) @ 500 mg/kg/d was orally administered during the
duration of the 4-week treatment as follows: 1. Vehicle (H2O); 2.
KRG extract 500 mg/kg/d (4 wk); 3. ABX (2 wk)þvehicle(4 wk); 3.
ABX (2 wk)þKRG extract 500 mg/kg/d (4 wk). At the end of the
experimental period, animals were euthanized, and various tissues
collected. Analysis of bone, intestinal permeability and microbiota
were performed as described in our previous studies and as
described in the methods [7,17]. As shown in Supplementary Fig. 1,
body weight was similar between the different groups at the end of
the experiment. Similarly, spleen and kidney weights were not
significantly different between the groups. Interestingly however,
liver weight was significantly decreased in the ABXþ Vehicle group
(without KRG extract) compared to Vehicle. In addition, ABXþ KRG
extract group also showed decreased liver weight compared to
Vehicle and ABX þ Vehicle groups. The significance of this effect on
liver is unclear.

3.2. Korean Red Ginseng (KRG) extract treatment prevents
dysbiosis-induced bone loss

In previous studies we demonstrated that post-ABX dysbiosis
causes bone loss in mice [7,8]. Consistent with that, we demon-
strate here that natural repopulation following ABX treatment, i.e.
post-ABX (ABX þ Vehicle group) caused a significant bone loss as
evident in femur BV/TV and vertebral BV/TV (Fig. 1 and
Supplementary Fig. 2). Treatment with KRG extract during the
repopulation period however, prevented this bone loss (both femur
and vertebral BV/TV). Analysis of femoral bone microarchitecture
revealed a decrease in trabecular thickness (Tb.Th.) in the
ABX þ Vehicle group that was prevented by KRG extract treatment.
Trabecular number (Tb.N) and spacing (Tb.Sp) were not signifi-
cantly altered in the femur of the ABX þ Vehicle group. Analysis of
the vertebral bone architecture revealed a significant increase in
trabecular spacing (Tb.Sp) and a significant decrease in trabecular
number (Tb.N) and thickness (Tb.Th) in the ABX þ Vehicle group
compared to the controls. KRG extract treatment significantly
prevented the Tb.Sp. and Tb.Th. parameters in the vertebrae.
Interestingly, treatment of control mice with KRG extract for 4
weeks significantly increased femur BV/TV but not vertebral BV/TV.
Consistent with this, the femur bone architecture revealed an in-
crease in trabecular number (Tb.N.) and a decrease in trabecular
spacing (Tb.Sp.) but no significant change to trabecular thickness
(Tb.Th.) in the KRG extract treated mice compared to control group.
Together these results demonstrate that KRG extract treatment
during the microbiota repopulation period following ABX treat-
ment is beneficial to bone health. In addition, KRG extract treat-
ment without any underlying disease conditions can increase the
femoral bone volume in healthy mice.

3.3. Korean Red Ginseng (KRG) extract treatment modulates
intestinal microbiota

To assess the effect of KRG extract on the intestinal microbiota,
the relative abundance and composition of the fecal extract was
determined prior to the start of the study (“pre” group) and at the
end of the study (“post” group). Alpha diversity was assessed by
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calculating the Shannon index. As shown in Fig. 2, compared to the
“pre” group, ABX treatment followed by natural repopulation
caused a significant decrease in alpha diversity. KRG extract treat-
ment during this natural repopulation period (ABX þ KRG extract
group) completely prevented this decrease in alpha diversity. None
of the other treatment groups showed any significant changes
when compared between the respective -pre and the -post groups.
To understand the relationship of changes in alpha diversity to that
of bone volume, we correlated Shannon index to that of femur and
vertebral BV/TV. Shannon index from the post- microbiota samples
showed a significant correlation to both femur and vertebral BV/TV
(r ¼ 0.3028, p ¼ 0.0364 for femur and r ¼ 0.2966, p ¼ 0.0365 for
vertebra) (Fig. 2). These results suggest that changes in alpha di-
versity following post-antibiotic dysbiosis likely predict femur and
vertebral bone volumes.

Further analysis of beta diversity did not reveal any significant
findings (not shown). We next analyzed bacterial composition at
various taxonomical ranks. For this, the relative distribution at
various taxonomical ranks calculated from ASVs were input into
GraphPad prism to analyze the distribution of Phylum, Class, Order
and Family in the various groups. For relative abundance graphs at
each taxonomic ranks (Fig. 3 and Supplementary Fig. 3) the repli-
cates from each treatment group were combined and the aggregate
data is shown. At the Phylum level, there were some marked dif-
ferences in their distribution between the groups. Bacteroidetes
and Firmicutes were the predominant phyla in all groups (Fig. 3).
KRG extract treatment reduced the abundance of Firmicutes in ABX
treated (ABXþ KRG extract-post) and untreatedmice (KRG extract-
post). Conversely, KRG extract treatment increased the abundance
of Bacteroidetes in the KRG extract treated groups. Also, KRG
extract treatment distinctly increased the abundance of Proto-
bacteria only in the non-ABX treated mice (KRG extract-post). At
the class level, Bacteroidia (of Phylum Bacteroidetes) and Clostridia
(of Phylum Firmicutes) were predominant in all groups of mice, and
these followed similar trends to that of the phyla when compared
between the groups. Like the Class, at the level of the Order, Clos-
tridiales (of Class Clostridia) and Bacteriodales (of Class Bacteroidia)
were the predominant groups in all the mice, and these showed
trends similar to Phyla and Class in terms of the effect of KRG
extract treatment. Because Bacteroidetes and Firmicutes were the
predominant groups, we focused on the relative abundance of
these two Phyla at the Family level. As shown in Supplementary
Fig. 3, the Bacteroidales group S24-7, Porphyomondaceae, Rike-
nellaceae and Bacteroidaceae were the predominant members
among the different families in Bacteroidetes. While S24-7
increased in abundance in post-ABX mice (ABX þ Vehicle-post)
compared to control, KRG treatment did not affect the levels. Bac-
teroidaceae and Porphyromonadaceae were decreased in the post-
ABX mice (ABX þ Vehicle-post) compared to control and KRG
extract treatment did not have any marked effect. KRG treatment
markedly decreased the abundance of Rikenellaceae in post-ABX
mice (ABX þ KRG extract-post) compared to its respective con-
trols (ABX þ Vehicle-post or ABX þ KRG extract-pre). In the Fir-
micutes, Ruminococcaceae, Lachnospiraceae, Paenibacillaceae and
Lactobacillaceae were predominant. Interestingly, Peptos-
treptococcaceae was present only in the post-ABX group and was
absent in all other groups. Also, KRG extract treatment appeared to
increase the abundance of Lactobacillaceae in the KRG treated
groups.

To further understand the relationship of the abundance
changes in the bacterial taxa to bone health, we performed corre-
lation analysis of the various taxa to that of femur BV/TV. We found
that the relative distribution of several bacterial taxa were either
positively or negatively correlated with femur BV/TV (the ones that
were correlated at various taxa up to the family level are shown in



Fig. 1. Korean Red Ginseng (KRG) extract treatment prevents post-antibiotic dysbiosis-induced femoral trabecular bone loss in mice. Balb/c male mice (12 weeks old) were
divided into four experimental groups: Sterile drinking water (Vehicle), sterile drinking water with Korean ginseng extract gavage for 4 weeks (KRG extract), Broad-spectrum
antibiotics (ABX) for 2 weeks followed by natural repopulation for 4 weeks (ABX þ Vehicle), or Broad-spectrum antibiotics (ABX) for 2 weeks followed by with Korean Red
Ginseng extract gavage for 4 weeks (ABX þ KRG extract). (A) Femoral trabecular bone volume fraction (BVF) and (B) BVF corrected for body weight. Representative mCT isosurface
images from the different groups are shown above A and B. (C) Bone femur microarchitecture analyses. Violin plots show the distribution of the data and line at the median and
quartiles. Statistical analyses were performed with one-way ANOVA with Tukey post-test. ****p < 0.0001; ***p < 0.001, **p < 0.01; *p < 0.05; ns ¼ not significant.
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Supplementary Table 1. Data not shown for genus and species
levels). Based on these correlations, we then assessed if there are
statistically significant differences in the relative abundance be-
tween the various treatment groups. For this we focused at the level
of the genus and species. At the genus level we found that Lacto-
bacillus (family Lactobacillaceae), rc4-4 (family Peptococcaceae)
and an unknown genus of the family S24-7 showed significant
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differences between the KRG extract treated and untreated in the
post-ABX mice. Specifically, we found that Lactobacillus was sup-
pressed in the post-ABX group (ABX þ Vehicle-post) compared to
its control (ABX þ Vehicle-pre) (p ¼ 0.07 based on ANOVA Holm-
Sidak's multiple comparisons test; p ¼ 0.0021 based on t-test)
(Fig. 4). This decrease in Lactobacillus was markedly prevented in
the KRG extract treated group (ABX þ KRG extract-pre vs



Fig. 2. Korean Red Ginseng (KRG) extract treatment prevents post-antibiotic
decrease in alpha diversity (gut microbiota) in mice: Fecal microbiota from mice
were collected before the start of the experiments in each group (“pre” in each group)
or collected at euthanasia (“post” in each group). Alpha diversity was assessed by
Shannon index using Qiita and the values were input into GraphPad Prism for graph
and statistics (top graph). Violin plots show the distribution of the data and line at the
median and quartiles. N ¼ 14-16 for all groups except KRG extract group (n ¼ 5).
Statistical analyses were performed with Kruskal-Wallis test followed by Dunn's test
for multiple comparison. ****p < 0.0001; ns: not significant. Shannon index from post-
microbiota samples and femur BV/TV or Vertebral BV/TV were analyzed for Pearson
correlation (bottom graph).
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ABX þ KRG extract-post); p ¼ 0.9084. KRG extract did not have any
effect on Lactobacillus in the non-ABXmouse groups. Abundance of
genus rc4-4 was significantly suppressed by KRG extract treatment
in the post-ABX mice when compared to post-ABX mice without
KRG extract treatment (ABX þ KRG extract-post vs ABX þ Vehicle-
post) (Fig. 4). Abundance of unknown genus in the family f_S24-7
was significantly increased by KRG extract treatment compared to
its control (ABX þ KRG extract-pre vs ABX þ KRG extract-post).
Overall, at the genus level, KRG extract treatment appears to
regulate the abundance of these 3 genera. In addition, abundance of
these 3 genera were significantly correlated with femur BV/TV
(Lactobacillus and f_S24-7;g_ were positively correlated and rc4-4
was negatively correlated), suggesting a link between these bac-
teria and bone health.

We further did a similar analysis at the species level taking into
account all the identifiable species that showed significant corre-
lation to femur BV/TV. We then analyzed to compare the abun-
dance of each of those species in the different treatment groups.
Interestingly, our results demonstrate that Alistipes finegoldii is
significantly modulated by KRG extract treatment. As shown in
Fig. 5, post-ABX dysbiosis increased the abundance of Alistipes
finegoldii in the post-ABX mice (compared between ABX þ Vehicle-
pre vs ABX þ Vehicle-post; p ¼ 0.0045). KRG extract treatment
significantly inhibited the abundance of this bacteria in the post-
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ABX mice (compared between ABX_Ginseng_Pre vs ABX_Gin-
seng_post; p ¼ 0.2148). When compared between post-ABX mice
with and without KRG treatment (ABX þ Vehicle-post vs
ABX þ KRG extract-post), abundance of A. finegoldii was signifi-
cantly lower in the KRG treated mice (p ¼ 0.002). Importantly,
abundance of A. finegoldii was significantly and negatively corre-
lated to femur BV/TV (p ¼ 0.0294). Together, microbiota analysis
reveals important changes in bacterial composition in response to
KRG extract treatment.

3.4. Korean Red Ginseng (KRG) extract treatment prevents
dysbiosis-induced intestinal barrier leakage

In previous studies we showed that intestinal barrier function is
strongly correlated with bone health in the ABX-dysbiosis-induced
bone loss model in mice [7]. To examine if KRG extract treatment
prevents dysbiosis-induced barrier leakage, we assessed in vivo
permeability using FITC-dextran (4 KDa). Although post-ABX dys-
biosis group showed a modest increase in barrier leakage (as
determined by serum FITC-dextran levels; p ¼ 0.1), treatment with
KRG extract significantly prevented the barrier leakage (Fig. 6). KRG
extract treatment in control mice did not affect serum FITC-dextran
levels. These results suggest that treatment with KRG extract pre-
vents intestinal leakage induced by ABX-induced dysbiosis. To
understand if these changes correlate with bone health, we
analyzed correlation between serum FITC-dextran and femur and
vertebral BV/TV. Our findings reveal a significant negative corre-
lation between serum FITC-dextran and vertebral BV/TV
(r ¼ �0.3115; p ¼ 0.0261). To further understand the mechanisms
of changes in intestinal permeability, we assessed mRNA levels of
various junction proteins in the distal colon and ileum. Except for
Claudin-4 in the distal colon, none of the other genes were signif-
icantly altered in the ABX-treated group (without KRG extract
treatment). KRG treatment of the post-ABX group did not alter any
of these genes either in distal colon or ileumwhen compared to the
post-ABX group (data not shown).

4. Discussion

The focus of the current study is to understand whether Korean
Red Ginseng (KRG) extract can prevent antibiotic dysbiosis-induced
bone loss in mice as well as decipher the possible mechanisms of
action on the gut-bone axis. As indicated earlier, previous studies
have shown that ginseng prevents bone loss in other animal
models. Kang et al [21]showed that co-administration of panax
ginseng at 500 mg/kg/day along with Brassica oleracea (cabbage)
for 10weeks prevented ovariectomy-induced bone loss inmice. It is
important to note that in this model, panax ginseng alone did not
have any significant effect on either body weight or bone loss.
Compared to these studies, Kim et al [22] showed that KRG could
prevent glucocorticoid-induced osteoporosis (at 100 mg/Kg and
500 mg/kg). Similarly other studies have looked at the effect of
ginseng in different models of bone loss and have found ginseng to
be protective [23]. However, these studies did not look at the role of
gut microbiota or barrier dysfunction in the context of bone loss. In
our studies we used a dose of 500 mg/kg/day and observed sig-
nificant effect on microbiota, barrier function and bone health
(both femur and vertebrae) when mice were treated with KRG
extract during post-ABX dysbiosis. Interestingly healthy control
mice (without dysbiosis) treated with KRG extract for 4 weeks
showed a significant increase in femur BV/TV but not vertebral BV/
TV suggesting that different mechanisms could be at play in
regulating femur and vertebral bone at least in control mice.

Even though previous studies have not examined the effect of
ginseng on gut-bone axis, the role of ginseng on gut microbiota has



Fig. 3. Effect of Korean Red Ginseng (KRG) extract treatment on relative abundance of microbiota at the Phylum, Class and Order levels: Fecal microbiota from mice were
collected before the start of the experiments in each group (“pre” in each group) or collected at euthanasia (“post” in each group). Bar graphs showing relative abundance of bacteria
at the level of Phyla (top), Class (middle) and Order (bottom). Data were analyzed using Qiita. Relative abundance values for each mouse group were averaged and graphed as
shown. N ¼ 14-16 for all groups except KRG extract alone group (n ¼ 5).
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Fig. 4. Effect of Korean Red Ginseng (KRG) extract treatment on the relative abundance of bacteria shown at the genus level: Violin plots of genus Lactobacillus (top), genus
Rc4-4 (middle) and f_s24-7;g_ (bottom) from the various mouse groups (as in Fig. 3) show the distribution of the data and line at the median and quartiles. N ¼ 14-16 for all groups
except KRG extract alone group (n ¼ 5). Statistical analyses were performed using ANOVA with post Holm-Sidak's multiple comparisons test and P values from Holm-Sidak's are as
shown. Based on t-test, #p ¼ 0.0021, @p ¼ 0.0309. Pearson correlation was performed between the respective genus vs femur BV/TV and shown on the side.
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been examined extensively (for review, see [24]). Han et al [25],
showed that feeding white Korean ginseng to rats, increases Muc2
gene expression in the ileum and increases the number of Lacto-
bacillus strains compared to control. Using human subjects, Song
et al [26] have shown that treatment with panax ginseng (4 g twice
a day for 8 weeks) was associated with some changes in gut
microbiota. In another double-blind, placebo controlled human
clinical trial [27], responses to KRG administration (at 6 g/day dose)
were associated with changes in gut microbial composition. While
there were some limitations to the study, the authors showed that
KRG treatment decreased Firmicutes and Proteobacteria and
increased Bacteroidetes and that patient responders that had
higher abundance of Lachnospiraceae and Clostridiales showed de-
creases in serum total cholesterol and LDL. In a recent study, Ren
et al [28] showed that the polysaccharide extract of the American
ginseng can increase the relative richness of Lactobacillus and
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Bacteroides in an antibiotic-induced diarrhea model in rats. Gin-
senoside Rk3, similarly improved antibiotic-induced diarrhea and
enriched the beneficial microbiota in a mouse diarrhea model [29].
The antibiotic-induced dysbiosis model we have used in this study
is not a diarrhea model but models a clinically relevant broad
spectrum antibiotic treatment and subsequent dysbiosis. However,
like the antibiotic-induced diarrhea model, KRG treatment in our
studies also induced beneficial effects on the microbiota.

Our studies demonstrate a number of unique changes in
microbiome with KRG extract treatment at various taxonomic
levels. When examined at the genus level, our results reveal the
importance of Lactobacillus, rc4-4 and an unknown genus under
family S24-7 in the context of KRG extract treatment. In previous
studies our lab and others have demonstrated the importance of
Lactobacillus in different models of bone loss [7,8,17,30e32]. In
particular, we have shown that Lactobacillus reuteri, a probiotic can



Fig. 5. Korean Red Ginseng (KRG) extract treatment inhibits relative abundance of
Alistipes finegoldii: Violin plots of relative abundance of Alistipes finegoldii from the
various mouse groups (as shown in Fig. 3) show the distribution of the data and line at
the median and quartiles. N ¼ 14-16 for all groups except KRG extract alone group
(n ¼ 5). Statistical analyses were performed using ANOVA with post Holm-Sidak's
multiple comparisons test. P values are as shown. Pearson correlation was performed
between the respective species vs femur BV/TV and shown above the graph. Fig. 6. Korean Red Ginseng (KRG) extract treatment decreases intestinal perme-

ability in post-antibiotic-dysbiosis in mice: (A) Intestinal in vivo flux (Serum FITC
dextran) was measured by FITC dextran gavage. All groups and number of mice are as
described in Fig. 1. Violin plots show the distribution of the data and line at the median
and quartiles. Statistical analyses were performed with one-way ANOVA with Tukey
post-test. *p < 0.05; ns ¼ not significant.
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beneficially influence the microbiota and bone health in multiple
mouse models. Our results here show that the abundance of genus
Lactobacillus is decreasedwith ABX-dysbiosis and that this decrease
is markedly prevented by KRG treatment. In addition, abundance of
Lactobacillus was positively correlated with femur BV/TV. Taken
together based on our previous studies on Lactobacillus reuteri, our
studies strongly suggest an important role for Lactobacillus in the
beneficial effects of KRG extract treatment on bone health. The
genus rc4-4 belongs to the Phylum Firmicutes, Class Clostridia and
Family Peptococcaceae. Role of rc4-4 in modulating the effect of
KRG extract is not well known and its effect on bone has not been
studied. Our results reveal that the abundance of rc4-4 is negatively
correlated with bone volume and that KRG extract treatment de-
creases its abundance in post-ABX mice. This suggests that pres-
ence of rc4-4 may not be beneficial to bone health. Further studies
are needed to test this hypothesis. The abundance of an unknown
genus in the family S24-7 was positively correlated with femur
bone volume and KRG extract increased its abundance in post-ABX
mice, suggesting that this bacteria may be beneficial to bone health.
S24-7 belongs to the Phylum Bacteroidetes and Order Bacter-
oidales. Although the genus is unknown, the effect of S24-7 in bone
health or ginseng treatments has not been well studied.

At the species level, our studies identify Alistipes finegoldii as a
potentially important bacteria that is involved in the effects of KRG
extract in the antibiotic-dysbiosis-induced bone lossmodel inmice.
A. finegoldii negatively correlates with bone volume and its abun-
dance increases with post-ABX dysbiosis. Importantly, A. finegoldii
abundance is decreased with KRG treatment suggesting that the
beneficial effect of KRG on bone in this model may be linked to a
272
decrease in this bacterium. Role of bacteria of the genus Alistipes in
terms of bone health is not well known, in part because it is a
relatively recently described genus. There are 13 species in this
genus including A. finegoldii [33]. Although the role of Alistipes in
the pathogenesis of disease processes has been contrasting,
A. finegoldii colonization has been shown to induce colitis-
associated colon cancer via activation of IL-6/STAT3 pathway
[34,35]. Thus, it is possible that A. finegoldii has potentially negative
effects on bone health and will be the subject of future studies.

None of these studies however, examined the effect of gut
microbiota changes in the context of gut permeability and bone
health. In our study, we find that KRG prevents dysbiosis and gut
permeability dysfunction, and importantly, these effects were
associated with significant prevention of bone loss. We have pre-
viously shown that inhibiting an increase in intestinal permeability
prevents post-ABX-dysbiosis induced bone loss in mice [7]. Thus, it
is likely that KRG's effect on intestinal permeability in part explains
the mechanism bywhich KRG extract prevents post-ABX dysbiosis-
induced bone loss. Whether the changes induced by KRG on
microbiota precedes gut permeability effects is not known and will
be the subject of future studies.

Our studies for the first time demonstrate protective effect of
KRG extract on post-ABX-dysbiosis-induced bone loss in mice.
However, there are some limitations to our studies. We have used a
single dose of KRG to test the effect on bone loss in mice. However,
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the dose we used in our mouse studies is similar to the human dose
(3 g/day) used in a randomized, double-blind placebo-controlled
trial that showed improvement in arthritis symptoms and serum
osteocalcin concentrations over a 12-week period in osteopenic
women [15]. Thus, we believe the dose we used in our study is
clinically relevant. Our studies did not identify cellular and mo-
lecular mechanisms by which KRG affects gut-bone axis and this
will be the focus of future studies.
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