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Magnesium lithospermate B improves the gut microbiome and
bile acid metabolic profiles in a mouse model of diabetic

nephropathy

Jing Zhao'*?3, Qing-li Zhang?, Jian-hua Shen™3, Kai Wang? and Jia Liu®

Magnesium lithospermate B (MLB) is a new drug marketed in China to treat angina, but its low oral bioavailability limits its clinical
application to the intravenous route. Paradoxically, orally administered low-dose MLB was found to alleviate kidney injury in
diabetic nephropathy (DN) rats, but its mechanism of action remains unknown. In recent years, the kidney-gut axis has been
suspected to be involved in kidney damage pathogenesis, potentially representing a non-classical pathway for pharmacologic
intervention. To ascertain whether MLB targets the kidney-gut axis, streptozotocin (STZ)-treated mice were prepared as a mouse
model of DN. The STZ mice were treated with MLB (50 mgkg ' d ™', p.o.) for 8 weeks. Twenty-four-hour urinary albumin was
detected to mirror kidney function. At week 4, 6, 8, feces were collected; bile acids (BAs) were quantified to examine the alterations
in the BA metabolic profiles, and bacterial 16S rRNA gene fragments were sequenced to identify alterations in gut microbial
composition. In STZ mice, 24-h urinary albumin levels and total fecal BAs, especially cholic acids (CAs) and deoxycholic acids (DCAs)
were greatly increased, and the gut microbiome was dramatically shifted compared with control mice. Oral administration of MLB
significantly decreased 24-h urinary albumin levels and total BAs, CAs and DCAs, and reversed CA:TCA (taurocholic acid) and DCA:
CA ratios. It also changed the microbiome composition in STZ mice based on operational units. Thus the therapeutic effect of MLB
on kidney injury might be attributed (at least partially) to its ability to modulate the disordered gut microbiome and BA metabolism.
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INTRODUCTION

Diabetes mellitus (DM) is one of the most prevalent causes of
chronic kidney disease (CKD) [1] and end-stage-renal disease [2].
In the United States, ~20-40% of DM patients develop diabetic
nephropathy (DN) [3]. Decreased kidney function in animal DN
models is characterized by albuminuria [4]; however, despite
conventional therapies, such as ameliorating hyperglycemia and
hypertension, an effective DN treatment/drug is lacking [5].

In recent years, a correlation between CKD and gut microbiota,
termed the “kidney-gut axis” [6], has attracted considerable
attention in CKD pathogenesis. The gut microbiome can shift
markedly in CKD patients and uremic rats [7]. Gut microbiota-
derived metabolites, such as ammonia [8, 9], indoxyl sulfate, p-
cresyl sulfate [10], short-chain fatty acids [11, 12], and lipopoly-
saccharides [13] may be associated with kidney injury and DM
progression.

Bile acids (BAs) are also metabolites derived from gut
microbiota. Primary and secondary BAs are transformed by gut
microbiota in the intestines, and most are reabsorbed to the liver,
with a few translocating into the circulation [14]. In CKD patients,
the serum BA concentration is increased [15]. BA accumulation in
the plasma and its accompanying oxidative stress have been
proposed as pathogenic factors of kidney injury [16]; however, the

relationship between intestinal BA biotransformation and
hyperglycemia-induced kidney damage is unknown.

“Danshen”, the root of Radix Salviae Miltiorrhizae, is a traditional
Chinese medicine that is also used in Western countries for its
excellent activity against cardiovascular disease. Magnesium
lithospermate B (MLB) is the major component (Fig. 1) of danshen
water extracts and is marketed to treat angina in China.
Unfortunately, MLB’s extremely low oral bioavailability (0.02%)
[17]1 limits its clinical application to the intravenous route.
Conversely, orally administering MLB has been found to alleviate
kidney damage in some animal models. In streptozotocin (STZ)-
treated rats, orally administering MLB (10 mg/kg per day for
8 weeks) significantly suppressed kidney injury [18]. In an adenine-
induced kidney failure model, orally administering MLB (10 mg/kg
per day for 24 days) reduced serum urea nitrogen [19]. The
paradox between MLB’s poor bioavailability and significant oral
activity cannot be explained by canonical pharmacokinetics/
pharmacodynamics.

Gut microbiota were shown to be closely related to DM, obesity
and insulin resistance in several studies [20, 21]. Metformin [22],
berberine [23], and resveratrol [24] were demonstrated to alleviate
DM through the gut microbiota. Thus, we hypothesized that the
kidney—gut axis might participate in MLB's action. Raw extract of
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danshen (a complex mixture) was reported to restore the gut
microbiota balance in the liver injury model [25]; however,
whether MLB is the main component of danshen that causes this
effect remains unverified.

Here, we used STZ-induced diabetic DBA/2J mice (a validated
DN model [4]) to test MLB’s effects on kidney function, gut
microbiome, and fecal BAs. We aimed to ascertain how MLB
changes the gut microbiome and BA metabolism and whether
these changes would illustrate MLB's efficacy in protecting the
kidneys.

MATERIALS AND METHODS

Ethical approval of the study protocol

The study protocol was approved by the Animal Care and Use
Committee of the Shanghai Institute of Materia Medica (2017-02-
YY-05; Shanghai, China). Animals were raised per guidelines set by
Ministry of Science and Technology of the People’s Republic of
China (Beijing, China).

Magnesium lithospermate B preparation

Lithospermate B (LAB) crude powder was purchased from Yuanye
Biological Technology (Nanjing, China). LAB was acidified and
extracted using ethyl acetate and subjected to chromatography
using an MCI GEL CHP20P column (Mitsubishi Chemicals, Tokyo,
Japan). After washing the column with water and 25% methanol
in water, the purified LAB solution was yielded with 40% methanol
elution in water. And then this solution was treated with newly
prepared Mg(HCOs), before being applied to the MCl GEL CHP20P
column. Elution with 25% methanol in water and solvent removal
under reduced pressure yielded a light-yellow powder. The purity
of MLB was greater than 95%.

Animals

Male DBA/2J mice (specific pathogen-free; 10 weeks old; 24.3 +
2.8 g) were obtained from Shanghai SLAC Laboratory Animal Co.
Ltd. (Shanghai, China) and were housed in a room with a 12-h
dark-light cycle at 22 + 2 °C and relative humidity at 50-60%. Food
and water were provided ad libitum.

Experimental design

The DN model was established, as described previously [4]. Briefly,
DBA/2J mice were injected with STZ (40 mg/kg, i.p.; Sigma-Aldrich,
Saint Louis, MO, USA) in citrate buffer solution (pH 4.5) for 5
consecutive days. Fasting blood glucose (FBG) levels were
monitored weekly using a blood glucose analyzer (AccuChek;
Roche, Basel, Switzerland) to ascertain whether the DN was set.
Three weeks after modeling, these mice were randomly assigned
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to two groups: STZ (orally administered saline once daily for
8 weeks, n=7), or STZ-MLB (orally administered 50 mg/kg MLB
solution once daily for 8 weeks, n = 8). Besides, mice those had
not suffer from STZ injection (n =7) were assigned into control
group and administered saline daily for 8 weeks (Fig. 2).

FBG levels and body weight were monitored once per week.
Feces were collected at weeks 4, 6, and the final week, and stored
at —80°C. Urine was collected after 24 h at week 4 and the final
week and stored at —80 °C for further analyses.

Twenty-four-hour urinary albumin

Before the assay, urine samples were centrifuged at 1000 x g for
20 min at room temperature. The supernatants were used in an
enzyme-linked immunosorbent assay (DL-ALB-Mu, DLdevelop,
Shanghai, China).

Bile acid quantification

Fecal BAs were extracted using acetonitrile (1:5mg/pL), thor-
oughly homogenized, and ultrasonically processed on ice. All
samples were centrifuged at 14,000 x g for 5 min at 4 °C before
transferring the supernatants to a 384-well microplate. BA
concentration was quantified using ultra-high-performance liquid
chromatography-tandem mass spectrometry [26].

DNA extraction

DNA suitable for the polymerase chain reaction (PCR) of bacterial
16S rRNA gene fragments was obtained from the feces using the
QlAamp Fast DNA Stool Mini kit (Qiagen, Stanford, VA, USA).

PCR amplification and sequencing

The V3 and V4 regions of the bacterial 16S rRNA genes were
amplified by the primers, 338F (5'-ACTCCTACGGGAGGCAGCA-3’)
and 806R (5-GGACTACHVGGGTWTCTAAT-3’). Each PCR reaction
contained 4 pL of 5xFast-Pfu buffer, 2 uL of deoxyribonucleotide
triphosphate (2.5 mM), 0.8 uL of each primer (5 uM), 0.4 uL of Fast-
Pfu polymerase, 0.2 uL of bovine serum albumin, and 10 ng of
DNA template. We used 27 cycles of denaturation (95 °C for 305s),
annealing (50 °C for 30s), and elongation (72 °C for 45 s). Agarose
gel electrophoresis was used to semi-quantify the PCR products to
ascertain whether the PCR products were available for subsequent
two-pair end sequencing on an MiSeq lllumina platform (Majorbio
BioTech, Shanghai, China).

Bioinformatics

Raw fastq data were qualified using bioinformatic software FLASH
[27] (version 0.36) and Trimmomatic [28] (version 1.2.11). Resultant
data were clustered by bioinformatic software Usearch [29]
(version 7.0) to harvest operational taxonomic units (OTUs) with
identities of >97% and mapped to the Silva database on the Qiime
platform [30]. All processes were performed on the Majorbio
BioTech platform (www.i-sanger.com/).

Statistical analyses

The alpha diversity (Chao and Shannon indexes) of the
microbiome was calculated based on the OTU level by mother
[31] (version 1.30.1) on the Majorbio BioTech platform (www.i-
sanger.com/). Principal component analysis (PCA) was performed
using R and visualized by the R package, ggplot2. To investigate
potential biomarkers in STZ and STZ-MLB mice, linear discriminant
analysis effect size (LEfSe) was evaluated from phylum to genus
level using the one-against-all method, and the linear discriminant
analysis (LDA) score was set at >2.0 (http://huttenhower.sph.
harvard.edu/galaxy/root). The 100 most abundant OTUs that
differed significantly among the control, STZ, and STZ-MLB groups
(analyzed by the Kruskal-Wallis test and adjusted by false
discovery rate (FDR < 0.05)) were correlated with the BA ratios
by Spearman correlation using R. OTUs that correlated with the BA
ratios (P<0.05) and shared the same genus were added and

Acta Pharmacologica Sinica (2019) 40:507 - 513


http://www.i-sanger.com/
http://www.i-sanger.com/
http://www.i-sanger.com/
http://huttenhower.sph.harvard.edu/galaxy/root
http://huttenhower.sph.harvard.edu/galaxy/root

Monitor fasting blood
glucose and body
weight

L4l

10-week 5-day 3-week

Al f

Monitor fasting
blood glucose

Weaned

albumin
analysis

Fig. 2 Animal experiment design

Table 1. Kidney function and fasting blood glucose levels in the
control, STZ and STZ-MLB groups at weeks 4 and 8

Time Group 24-h urine ALB (pug) Fasting blood glucose (mM)
4th week Control 0.22+0.15 7.06+1.63

STZ 2.83+2.19%* 23.48 + 3.65**

STZ-MLB 2.76 + 1.05** 234 +£6.38*%*
8th week Control 0.73+0.42 6.19+1.07

STZ 24.09 + 16.02%** 26.86 + 2.47**

STZ-MLB 8.56+3.96 27.01 +2.32%*

Significant differences were determined by unpaired t-tests corrected by
FDR (**FDR < 0.01, **FDR < 0.001 vs. control, *FDR < 0.05 vs. STZ group)
ALB albumin

correlated with the BA ratios and deoxycholic acids (DCAs), cholic
acids (CAs), and taurocholic acid (TCA) abundances using R.
Heatmaps were constructed using R (the pheatmap package),
rows were clustered using Euclidean distance, and columns were
clustered using the Pearson correlation distance. Other significant
differences were assessed using the Mann-Whitney U-test or
unpaired Student’s t-test in R.

RESULTS

Mouse kidney function

In STZ mice, 24-h urinary albumin levels increased significantly
with time. The 24-h urinary albumin level in the STZ-MLB
mice was significantly lower than that in the STZ mice
at week 8 (Table 1). MLB did not affect fasting blood gucose
levels in the STZ mice (Table 1).

Control, STZ, and STZ-MLB mice microbiomes

In the alpha diversity analyses, the STZ and STZ-MLB mice
microbiomes were richer than those in the control group based on
OTU levels (Fig. 3a). The STZ-MLB group’s gut microbiome differed
from that in the STZ mice by OTU levels (Fig. 3b). Moreover, LEfSe
identified potential biomarkers in the STZ and STZ-MLB mice
relative to their gut microbiomes. Genus-level potential biomar-
kers in the STZ mice were Escherichia Shigella, Tyzzerella 3, Proteus,
NK3B31, and unclassified genera in Bacteroidales, Marvinbryantia,
and Ruminiclostridium 6 (Fig. 3d, Supplementary Table 1). Potential
biomarkers in the STZ-MLB mice included Odoribacter, Peptococ-
caceae, Bilophila, Enterorhabdus, Rhodococcus, and Candidatus
Saccharimonas (Fig. 3d, Supplementary Table 1).

In the STZ and STZ-MLB groups, the Bacteroidetes phylum
abundance increased, while that of the Proteobacteria phylum
decreased greatly, including a relatively slight decrease in the
Firmicutes phylum abundance (Fig. 3c, Supplementary Table 2).
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The Firmicutes:Bacteroidetes ratio decreased significantly in STZ
and STZ-MLB mice compared with the control mice (Supplemen-
tary Table 2). The Firmicutes:Bacteroidetes ratio was negatively
correlated with FBG levels (Supplementary Figure 1).

Control, STZ and STZ-MLB group bile acid metabolic profiles at
weeks 4, 6, and 8

The BA metabolic profiles in fecal samples from the three groups
were distinguished using PCA plots (Fig. 4a). The total BA levels
increased considerably in STZ mice. In the STZ-MLB group, the
total BA level was similar to that at baseline (Fig. 4b). Levels of CAs
and DCAs, the most two prevalent BAs in fecal samples from the
three groups (Fig. 4b), were also higher in the STZ group than in
the control and STZ-MLB groups.

BA and microbiota correlational analyses

At week 4, the CA:TCA ratio increased in STZ mice and decreased
in STZ-MLB mice (Fig. 5a). The DCA:CA ratio in the STZ group was
lower than that in the STZ-MLB group (Fig. 5a). Twelve OTUs from
five genera were potentially correlated with the CA:TCA ratios
(Fig. 5c, d, Supplementary Table 3, Supplementary Table 4) In
addition, 24 diverse OTUs from 18 genera were putatively related
to the DCA:CA ratio (Fig. 5b, e, Supplementary Table 5,
Supplementary Table 6).

DISCUSSION
An abnormal change in the gut microbiota composition suggests
dysbiosis of the gut microenvironment. Gut microbiota diversity
decreases significantly in people with type-2 diabetes mellitus
(T2DM) [12], but gut-flora diversity only declines slightly in T2DM
patients compared with healthy individuals [32]. The gut
microbiota composition decreases in TIDM patients [33]. In an
STZ-induced T1DM rat model, the diversity (as judged by the
Shannon index) was reduced significantly compared with that in
control rats [34]. Here, Proteobacteria was the prevalent phylum in
the control mice, suggesting a special gut microbiome in DBA/2J
mice because Bacteroidetes and Firmicutes are usually the more
prevalent phyla [35]. Thus, in our DN mouse model, the gut
microbiota diversity was increased as per the Shannon index,
which may correlate with species differences. In addition to gut
flora abundance, metabolites may reflect individual physiological
statuses. In our study, the Firmicutes:Bacteroidetes ratio, potential
microbiota biomarkers, and BA metabolic profiles were investi-
gated. The V3-V4 region of the 165 rRNA gene was sequenced;
the identity of which was assigned to the same OTU if it was
>97%. All bacterial taxonomy was assigned based on OTU
analyses.

Regarding DM, the Firmicutes:Bacteroidetes ratio is considered to
potentially indicate glycemic levels [36-38]. We found that the
FBG level was negatively correlated with the Firmicutes:
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Bacteroidetes ratio, a finding that is consistent with observations in
children with TIDM [36]. In our study, the abundance of lower
microbiota taxonomy, such as the 524-7, Prevotellaceae, Rikenella-
ceae, and Ruminococcaceae families, increased. In a CKD model
using rats who underwent a 5/6 nephrectomy, the Rikenellaceae
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family abundance also increased [7]. The Lachnospiraceae family
and Klebsiella genus abundances decreased in our study. These
data were contrary to results in STZ-injected rats, wherein the
Klebsiella abundance increased significantly, and Klebsiella were
recommended as T1IDM biomarkers [39]. Such data suggest that
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species differ when employing chemical stimulus-induced gut
microbiome alterations.

LEfSe was used to determine potential biomarkers in STZ-
treated and MLB-treated mice. Little information is available on
using these potential microbial biomarkers to predict DN.
Interestingly, the Odoribacter genus, whose abundance is reported
to be negatively correlated with systolic blood pressure [37], was
identified as a potential biomarker in STZ-MLB mice in our study.
Hypertension is generally accepted as one of the main pathologic
factors of CKD. We hypothesized that the improved kidney
function in MLB-treated mice was related (at least in part) to the
enriched Odoribacter genus via a cardiovascular pathway [37]. We
did not monitor blood pressure during our study, but MLB's
antihypertensive effect has been reported [40, 41]. Our study
observed, for the first time, a potential connection between MLB's
antihypertensive effect and the gut microbiota. Furthermore,
Proteus, Escherichia and Shigella genera were putative biomarkers
in DN mice in our study. Genetically related species such as
Proteus mirabilis are uropathogenic bacteria that tend to infect DM
mice [42]. Escherichia and Shigella species are related genetically
to Escherichia coli, which would damage glomerular endothelial
cells and tubular epithelial cells in the kidneys by producing one
or more Shiga-like toxins [43]. In MLB-treated mice, Escherichia,
Shigella, and Proteus species abundance was reduced, which
partially accounted for MLB's efficacy in preventing further kidney
injuries.

In addition to the MLB-modulated change in the gut
microbiome, we also investigated the metabolic functions of BA-
related microbiota in fecal samples. The fluctuating BA concentra-
tion has been hypothesized to profoundly impact kidney function.
BAs increase mucosal permeability and gut inflammation due to
their detergent effect [44, 45], thus breaking down gut-barrier
integrity. A “leaky” gut barrier allows endotoxins and bacterial
metabolites to translocate into the systemic circulation, which
contributes to progressing renal impairment [46]. Moreover,
serum BA levels are increased in CKD patients [15]. BA
accumulation in plasma damages tubular cell membranes by
generating oxygen free radicals and promoting inflammatory cell
release [16]. We found that total BA levels in STZ mice feces were
higher than those in the control and STZ-MLB mice from week 4 to
week 8, suggesting that hyperglycemia-induced kidney damage is
accompanied by increased fecal BA levels. MLB could reduce fecal
BA levels to near those observed at baseline without reducing
blood glucose levels. Hence, MLB could affect BA metabolism
without glycemic control. CAs and DCAs were the most prevalent
BAs in the fecal samples. Their levels were reduced upon
MLB treatment compared with the DM condition, implying that
these two BAs may play more important roles in progressing
kidney injuries.

BA contact time with bacteria, adequate bile flow, and diet also
influence BA abundance [47]; thus, knowledge of the BA ratios is
useful [48]. Bile salts are conjugated forms of BAs that flow into
the intestinal tract to aid digestion and absorption after meals. Bile
salt metabolism by gut microbiota consists mainly of deconjuga-
tion and dehydroxylation [14].

Bile salt hydrolase (BSH) deconjugates bile salts to primary BAs in
the gut. BSH is present in many species across most phyla [49], one
of which belongs to the Bacteroides genus [50]. In our study, the
CA:TCA ratio, which may indicate the biotransformation level from
TCA to CA, was increased significantly in STZ mice and reversed by
MLB, suggesting that MLB may impact BA deconjugation. Per the
Spearman correlation analyses in our study, OTUs from Para-
bacteroidetes, S24-7 (genus no rank), Alistipes and NK3B31 genera
were positively correlated with the CA:TCA ratio, and all belonged
to the same order (Bacteroidales) as the Bacteroides genus. MLB
treatment decreased OTU abundance in these five genera,
suggesting that a decrease in the CA:TCA ratio might be mediated
(at least in part) by reducing the BSH activity in these bacteria.

SPRINGERNATURE

7a-dehydroxylation produces secondary BAs, such as DCA and
CA, from primary BAs and is an important form of BA
transformation in the intestine. Few microbiota are reported to
perform 7a-dehydroxylation (e.g., Clostridiales order) [14, 48]. At
week 4, several OTUs that were positively correlated with the DCA:
CA ratio belonged to the Clostridiales order (OTUs 403, 21, 482,
531, 399, 234, 461, 492, 240, 581, and 269), indicating that these
bacteria can catalyze 7a-dehydroxylation. In STZ mice, the
abundance of OTUs 240 and 581 (Ruminiclostridium 9), 269
(unclassified Ruminococcaceae), 403 (Xylanophilum), and 461 and
492 (Oscillibacter) increased significantly compared with those in
the control group. These findings could reflect a stress response
from the intestinal milieu to mobilize more microbiota capable of
7a-dehydroxylation to mediate the excessive supply of CAs. In
addition, the DCA:CA ratio in the STZ group was lower than that in
the STZ-MLB group from weeks 4 to 8, which was consistent with
the reduced fecal CA concentration in the STZ-MLB group.

Due to its extremely low bioavailability, the oral efficacy of low-
dose MLB for treating DN is unlikely to result from its direct action
on the kidneys. We found that the fecal gut microbiome and BA
profiles were significantly altered in MLB-administered DM mice.
MLB's local regulation of the gut microbiota and BA metabolism
might be an important part of its mechanism in protecting kidney
function.
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