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A B S T R A C T   

Menopausal women are susceptible to have high risk of cardiovascular diseases, type II diabetes and osteoporosis 
due to the metabolic disorder caused by estrogen deficiency. Accumulating evidence supports that gut micro
biota is a key regulator of metabolic diseases. Our previous metabolomics study interestingly demonstrated that 
the anti-osteoporotic effects of lignan-rich fraction (SWCA) from Sambucus wialliamsii Hance were related to the 
restoration of a series of lipid and glucose metabolites. This study aims to investigate how SWCA modulates lipid 
and glucose metabolism and the underlying mechanism. Our results show that oral administration of SWCA (140 
mg/kg and 280 mg/kg) for 10 weeks alleviated dyslipidemia, improved liver functions, prevented glucose 
tolerance and insulin actions, attenuated system inflammation and improved intestinal barrier in OVX rats. It 
also induced a high abundance of Actinobacteria, and restored microbial composition. We are the first to report 
the protective effects of the lignan-rich fraction from S. williamsii on dyslipidemia and insulin resistance. Our 
findings provide strong evidence for the application of this lignan-rich fraction to treat menopausal lipid disorder 
and insulin resistance-related diseases.   

1. Introduction 

Menopause is a natural event characterized by ovarian atrophy and 
dramatic decline in estrogen levels; it is a new phase of women’s lives 
that starts around the age of 45–55. Many physiological and patholog
ical modifications occur during this transition. Menopausal women are 
susceptible to body weight gain, lipid metabolism alternation, insulin 
resistance, hypertension, and bone loss due to the metabolic disorder 
caused by estrogen deficiency, which results in a high risk of cardio
vascular diseases, type II diabetes and osteoporosis [1,2]. 

It’s well known that cholesterol is a precursor of the formation of 
steroid hormones, therefore, the deficiency of oestrogen during meno
pause leads to an increase of serum cholesterol, and subsequently in
duces a high level of low density lipoprotein cholesterol (LDL-c), total 
cholesterol (TC) and triglyceride (TG), and a low level of the high 

density lipoprotein cholesterol (HDL_c) [3,4]. The accumulations of 
these lipids in serum, the liver and the pancreas adversely affect the 
functions of the liver and pancreas that further aggravates dyslipidemia 
and insulin resistance. It is of great importance to prevent the occurrence 
of metabolic disorder during the menopausal period to lower the risk of 
cardiovascular diseases and diabetes. 

Physical exercise (45.4%), pharmacological treatment (36.4%) and 
diet (18.2%) are the most commonly used methods to treat menopausal 
women who are with dyslipidemia and susceptible to insulin resistance 
[5]. Bezafibrate [6], dehydroepiandrosterone [7], raloxifene [8] and 
statins [9] have been used to decrease insulin resistance or lipid levels in 
postmenopausal women. However, these drugs only play a limited 
therapeutic role in the complex metabolic disorders. They also cause 
some harmful side effects [3,10,11] and their therapeutic effects are 
lowered over long-term use [5]. There is an urgent need to search for 
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more desirable alternative and complementary medicines for controlling 
the metabolic disorders during menopause. 

In the theory of Traditional Chinese Medicine (TCM), menopausal 
metabolic symptoms are attributed to “Kidney deficiency” [12]. There is 
accumulating evidence indicating that the extracts of certain single 
herbs or herbal formula could lower dyslipidemia [13,14] and attenuate 
insulin resistance [15,16]. Sambucus williamsii Hance, a folk Chinese 
medicine, has been traditionally used to treat bone fractures, rheuma
toid arthritis, inflammation-related gastrointestinal disorders and kid
ney diseases for thousands of years [17]. It exhibits various 
pharmacological activities, such as anti-inflammatory [18], 
anti-osteoporosis [19], antioxidant [20], and hepatoprotective effects 
[21]. In addition, the linoleic acid isolated from S. williamsii seed oil was 
reported to exhibit anti-glycemic and anti-hypolipidemic properties 
[20]. However, the effects of ramulus, the traditional medicinal part of 
S. williamsii, on diseases related to lipid and glucose metabolism are still 
unknown. Our previous metabolomics study interestingly demonstrated 
that the bone protective effects of the lignan-rich fraction (SWCA) from 
S. wialliamsii were related to the restoration of a series of lipid and 
glucose metabolites, such as lysoPC (22:5), lysoPC (22:6), lysoPC (22:4), 
lysoPC (18:0), arachidonic acid (C20:4), linoleic acid (C18:2), and oleic 
acid (C18:1) in aged ovariectomized rats [22]. However, how SWCA 
modulates lipid and glucose metabolism and the underlying mechanism 
are still unclear. 

There are more than 1014 microorganisms host, including bacteria, 
archaea and fungi, on the surface of the human gastrointestinal tract 
[23]. Since the implementation of Human Microbiome Project funded 
by National Institutes of Health, there has been accumulating evidence 
supporting that gut microbiota is a key regulator of metabolic diseases, 
such as obesity, type 2 diabetes and cardiovascular diseases [24–28]. It 
has been reported that metabolic status changes in host could induce the 
alternation of gut microbial composition, leading to increase in some 
pathogenic bacteria, which subsequently disrupts the gut barrier, in
creases gut permeability and promotes the production of endotoxin, 
eventually resulting in inflammation and consequently causing insulin 
resistance, hyperlipidemia and obesity [29]. Thus, gut microbiota has 
been suggested to be a potential drug target for both prevention and 
treatment of metabolic diseases. 

In this study, rats with ovariectomy-induced metabolic disorders 
were employed to investigate the preventive effects of SWCA on dysli
pidemia and insulin resistance. The inflammatory, gut barrier and gut 
microbiota altered by SWCA were also determined to explore the un
derlying mechanism of its actions. 

2. Materials and methods 

2.1. Plant material, preparation and LC-MS quantitation of lignan-rich 
fraction from S. williamsii 

The stem branches of S. williamsii were collected in Xinbin City, 
Liaoning Province in the northeast of China in May 2017 and authen
ticated according to a method listed in Chinese Bencao with the help of 
Professor Sibao Chen (Shenzhen Research Institute of the Hong Kong 
Polytechnic University, Shenzhen, China). A voucher specimen (SWSZ- 
2017) was deposited in the Shenzhen Institute of the Hong Kong Poly
technic University (Shenzhen, China). 

The dried stems and branches of S. williamsii (150 kg) were refluxed 
with 1200 liters of 60% (v/v) ethanol twice, each time for 2 h. After 
filtration, the filtrate was concentrated to 150 L under reduced pressure, 
subjected to a HP-20 macroporous absorptive resin column, and eluted 
with water and ethanol in gradient to give a lignan-rich fraction SWCA 
(50% ethanol-aqua eluate, 396 g) [30]. 

The content of the major components in SWCA was determined by 
LC-MS method. Four lignans that were isolated, purified and identified 
as reported in our previous studies, namely (7R,8S)− 2,3-dihydro-2- 
(4–hydroxy-3-methoxyphenyl)− 7-methoxy-5-(3-methoxy-1- 

(propenyl)− 3-benzofuranomethanol (M1), Tetrahydrodehy
drodiconiferyl alcohol (M2), 7-hydroxy-secoisolariciresinol (M3), 
Secoisolariciresinol (M4) [30], were selected as markers in this study. 

The analysis of SWCA solution and the four markers was performed 
using an ACQUITY UPLC H-Class system coupled to a Xevo TQD mass 
spectrometer (Waters Corp., Milford, USA). A Waters UPLC BEH C18 
column (1.7 µm, 2.1 × 50 mm; Waters Corp. Milford, USA) was applied 
for LC separation. The mobile phases consisted of A (10 mM Ammonium 
formate water) and B (acetonitrile) at a flow rate of 0. 3 ml/min with 
elution gradients as follows: 0–8 min, 10%− 20%B; 8–10 min, 20%−

25%B; 10–15 min, 25%− 95%B; 15–15.5 min 95%− 10%B; 15.5− 20 
min, 10%B. Column and sample chamber temperature were set at 40 ◦C 
and 5 ◦C, respectively. Mass spectrometry was operated in an electro
spray ion source in positive multiple reaction monitoring (MRM) mode. 
The analytical parameters were set as follows: desolvation temperature, 
350 ◦C; source gas flow, 650 L/H; cone gas flow, 40 L/H. The details of 
collision energy of each compound and their parent ions and daughter 
ions were listed in Table 1. The contents of the four markers in SWCA 
were 41.2, 27.2, 8.6 and 6.3 mg/g, respectively. 

2.2. Animals and their treatment 

Sprague-Dawley (SD) female rats (4 months old) were purchased 
from Beijing Vital River Laboratory Animal Technology Co., Ltd. and 
housed in the standard condition of 23 ± 2 ◦C temperature, 40–60% 
humidity and an alternating light and dark cycle (12 h light/12 h dark). 
The animal welfare and all experimental protocols (No.180402) were 
strictly in accordance with the procedures approved by the Animal Ethic 
Committee of The Hong Kong Polytechnic University. During the study, 
all rats were allowed free access to distilled water and pair-fed the 
phytoestrogen-free diet (D00031602, Research Diet, NJ, USA). The 
phytoestrogen-free diet was applied in the present study to eliminate 
interactions between diet and SWCA as described in our previous study 
[31]. 

After inspection and quarantine for 5 days, the rats were sham- 
operated or ovariectomized. After recovery for 10 days, the rats were 
randomly divided into five groups: sham + vehicle group (Sham, n =
10), OVX + vehicle group (OVX, n = 10), OVX + parathyroid hormone 
group (1.8 μg/kg, PTH, n = 8), OVX + SWCA low-dose group (140 mg/ 
kg, CAL, n = 10) and OVX + SWCA high-dose group (280 mg/kg, CAH, n 
= 10). Ultrapure water was used as the vehicle. For the known lipolytic 
actions of PTH in adipose tissue of human [32,33], PTH was chosen as 
the positive control in this study. After oral administration of these drugs 
for 10 weeks, the rats were anesthetized by intraperitoneal injection of 
chloral hydrate (5%, 0.7 ml/100 g). The blood was withdrawn from the 
abdominal aorta of the rats, centrifuged at 3000 rpm, 4 ◦C for 10 min to 
get serum, then the serum was stored at − 80 ◦C. The uterus was 
collected and weighed, a part of the liver was stored at − 80 ◦C, and 
another part of the liver and colon were collected and fixed in 10% 
formalin for further histomorphometric and immunohistological 
analysis. 

2.3. Analyses of biochemical indexes and proinflammatory cytokine 

The concentrations of serum triglyceride (TG), total cholesterol (TC), 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total 
bilirubin (TBil), albumin (ALB) and fasting serum glucose (FSG) were 

Table 1 
Mass spectra properties of four markers in SWCA.   

Parent (m/z) Daughter (m/z) Cone (V) Collision (V) 

M1  331.2  287.1  25  10 
M2  345.2  221.1  25  8 
M3  325.2  163.1  20  17 
M4  327.2  163.0  30  15  
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determined according to the procedure described in the commercial kits 
(KHB, Shanghai, China) using a 7100 automatic biochemistry analyzer 
(Hitachi Ltd., Tokyo, Japan). The 10% liver homogenate was prepared 
in saline using homogenizer at 4 ◦C. The homogenate was centrifuged at 
3000 rpm for 15 min and the supernatant was used for the liver lipid 
assay. 

Serum levels of fasting insulin (FINS), interleukin-1β (IL-1β), inter
leukin-1α (IL-1α), monocyte chemoattractant protein-1(MCP-1), inter
leukin-6 (IL6), interleukin-22 (IL-22) and tumor necrosis factor α (TNF- 
α) were detected with commercial enzyme linked immunosorbent assay 
(ELISA) kits (R&B Co. Ltd., MN, USA) according to the manufacturer’s 
protocol. 

2.4. Insulin resistance and sensitivity assay 

Insulin is essential for fat and protein metabolism and glucose ho
meostasis. Insulin resistance underlies the characteristic features of post- 
menopausal dyslipidemia [34]. Therefore, we used the oral glucose 
tolerant test (OGTT) and homeostasis model assessment (HOMA) to 
assess insulin resistance and insulin sensitivity. 

OGTT, which assesses the disposal of orally administrated glucose 
load and insulin secretion over time, is useful to characterize metabolic 
phenotypes and investigate alternation in glucose metabolism. After 
treatment for 8 weeks, the rats were fasted overnight (14 h) but were 
allowed access to water before testing. Then the rats were carefully 
administrated with a glucose solution (2.5 g/kg) via gavage according to 
a previous study [35]. Blood was collected at the time points of 0, 30, 60, 
90, and 120 min from the rat tail-tip, and blood glucose levels were 
measured with a Accu-Chek Guide Me meter (Roche Diabetes Care, Inc, 
IN, USA). The area under the glucose curve (AUC) was calculated based 
on the blood glucose curve. 

Homeostasis model assessment (HOMA), which was first proposed 
by Turner’s research team at the University of Oxford in 1985, is a 
widely used method in clinical evaluation of insulin resistance, insulin 
levels, and pancreatic islet beta cell functions. It includes HOMA-insulin 
resistance (HOMA-IR), homeostasis model assessment-β (HOMA-β) and 
HOMA-insulin sensitivity (HOMA-IS) [36]. The specific formula is as 
follows: HOMA-IR =(FSG x FINS)/22.5; HOMA β-cell =(20x FINS) / 
(FSG-3.5) x 100%; HOMA-IS= 22.5 / (FSG x FINS). 

2.5. Rat liver and colon histomorphometric and immunohistological 
analysis 

Fresh liver and colon were fixed in 10% formalin, processed and 
embedded in paraffin, and cut into 3 µm thick slices. Tissue sections 
were stained with hematoxylin and eosin (H&E) and examined using a 
light microscope equipped with a CCD camera (Nikon Co.,Ltd., Tokyo, 
Japan) at 100 ×, 200 × and 600 × magnification. 

Immunohistological analysis was performed on the formalin-fixed, 
paraffin-embedded tissue sections using primary antibodies of anti- 
TNF-α, anti-IL-22 (1:500 dilutions; Abcam, Cambridge, MA, USA) for 
liver and colon, and anti-ZO1, anti-Claudin-2 and anti-Occludin (1:500 
dilutions; Abcam, Cambridge, MA, USA) for colon. After incubation with 
horseradish peroxidase (HRP)-labeled secondary antibody (Santa Cruz, 
CA, USA), the sections were stained with DAB chromogen kit and then 
counterstained with hematoxylin. The stained sections were viewed 
with a Nikon Ni-U fluorescence microscopes (Germany) and analyzed 
using Image-Pro Plus software (Media Cybernetics, USA). 

2.6. Feces sample collection and DNA extraction 

Fresh fecal samples from rats were collected after treatment for 10 
weeks. Total DNA was extracted from 0.2 g fecal sample using the Stool 
Genomic DNA Extraction Kit (Solarbio Life Sciences, Beijing, China) 
according to the manufacturer’s instruction. The concentration of bac
terial DNA was determined by Qubit Fluorometer (Thermo Scientific, 

USA) and DNA quality was checked by 1% agarose gel electrophoresis. 
The V3-V4 hypervariable regions of the bacteria 16S rRNA gene were 

amplified with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 
806R (5′-GGACTACHVGGGTWTCTAAT-3′) by the thermocycler PCR 
system (GeneAmp 9700, ABI, USA). The PCR reactions were conducted 
using the following program: 3 min of denaturation at 95 ◦C, 27 cycles of 
30 s at 95 ◦C, 30 s for annealing at 55 ◦C, and 45 s for elongation at 72 ◦C, 
and a final extension at 72 ◦C for 10 min. The resulted PCR products 
were extracted from 2% agarose gel and further purified using the 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, 
USA) and quantified using QuantiFluor™-ST (Promega, USA) according 
to the manufacturer’s protocol. 

2.7. 16S rRNA gene Illumina sequencing and analyses 

Purified amplicons were pooled in equimolar and paired-end 
sequenced on an Illumina MiSeq platform (Illumina, CA, USA) accord
ing to the standard protocols by Majorbio Bio-Pharm Technology Co. 
Ltd. (Shanghai, China). Pairs of reads from the original DNA fragments 
were merged using fast length adjustment of short reads (FLASH 1.2.11, 
https://ccb.jhu.edu/software/FLASH/index.shtml) software, and se
quences were analyzed using quantitative insights into microbial ecol
ogy (QIIME 1.9.1) software. A total of 1,562,176 high-quality sequence 
reads were generated from the amplicon library. The sequences were 
clustered into 899 operational taxonomic units (OTU) at a similarity 
level of 97% using UPARSE (version 7.0 http://qiime.org/install/index. 
html). 

All statistical analyzes were performed using R packages (V.2.15.3) 
[38,39]. Bacterial richness and diversity across samples were assessed 
using the following α indexes, which were estimated at a distance of 3%: 
Chao, Ace, Simpson, Shannon, Sobs and coverage. Partial Least Squares 
Discriminant analysis (PLS-DA) was performed to compare bacterial 
composition and sharpen the separation between groups of observa
tions. LEfSe analysis was employed to identify distinguishing taxa 
among different groups at multiple levels and to visualize the results 
using taxonomic bar charts and cladograms. The Kruskal-Wallis H test 
was used to evaluate group differences. The Spearman’s correlation 
coefficients were used to assess bivariate relationships between vari
ables. Results with P < 0. 05 between groups were considered statisti
cally significant. 

2.8. Statistical analysis 

The pharmacodynamic data were presented as mean ± SEM. Dif
ferences were statistically analyzed with one-way analysis of variance 
(ANOVA) followed by Tukey’s post-hoc test using by GraphPad PRISM 
software package 6. P < 0.05 was considered statistically significant. 

3. Results 

3.1. SWCA does not influence body weight gain 

As shown in Fig. 1A and B, there were no significant differences in 
the initial body weight of any of the rats, while the body weight of the 
OVX group was significantly heavier than that of the Sham group 
starting from the fourth week of the experiment even the two groups 
were pair-fed of 15 g diet per day. Compared with OVX group, PTH and 
SWCA treatment showed no significant weight gain at 4, 8 and 10 weeks. 
The body weight change (%, body weight gain/body weight at 0 week) 
of the OVX group significantly increased compared with the Sham 
group, while drug treatments had no effects on the body weight of OVX 
rats (Fig. 1C). 

3.2. SWCA alleviates the ovariectomy-induced dyslipidemia 

The levels of TC, TG, HDL-C and LDL-C in both serum and liver were 
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determined and shown in Table 2. Ovariectomy resulted in significant 
increases in TC, TG, and LDL-C in serum and liver, indicating that lipid 
metabolism was significantly impaired after OVX surgery. The LDL-C in 
serum, TC and TG in liver were significantly decreased in OVX rats upon 
PTH treatment. Similarly, in response to SWCA treatment (at the dosage 
of 140 mg/kg for 10 weeks), the changes in TC and LDL-C in both serum 
and liver as well as TG in liver were significantly restored. The high 

dosage of SWCA showed improving trends in all these parameters but 
without statistical significance. 

3.3. SWCA improves liver functions 

As shown in Table 2, serum levels of ALT, AST, TBil, ALB in the OVX 
group were significantly higher than those of the Sham group, which 

Fig. 1. Effects of SWCA on body weight gain in ovariectomized rats. (A) weekly body weight; (B) the body weight at weeks 0, 4, 8, and 10; (C) the net body weight 
gain. Four-month-old SD rats were subjected to the following treatment for 10 weeks after ovariectomy: Sham, Sham-operated, vehicle-treated, n = 10; OVX, 
ovariectomized, vehicle-treated, n = 10; PTH, ovariectomized, 1.8 μg/kg, n = 8; CAL, ovariectomized, low-dose SWCA fraction (140 mg/kg), n = 10; CAH, ovari
ectomized, high-dose SWCA fraction (280 mg/kg), n = 10. Results were expressed as mean ± SEM. # P < 0.05, ## P < 0.01, ### P < 0.001 versus Sham by One- 
Way ANOVA followed with the Tukey’s post-hoc test. 

Table 2 
Effects of SWCA on serum and liver lipids in ovariectomized rats.  

Group Sham OVX PTH CAL CAH 

S-TC(mg/dL) 2.11 ± 0.10 2.64 ± 0.15## 2.35 ± 0.09 2.06 ± 0.08** 2.34 ± 0.07 
S-TG(mmol/L) 0.50 ± 0.04 0.71 ± 0.06# 0.60 ± 0.03 0.54 ± 0.03* 0.62 ± 0.04 
S-LDL-C(mmol/L) 0.58 ± 0.05 0.86 ± 0.07## 0.62 ± 0.05* 0.57 ± 0.03** 0.67 ± 0.04 
S-HDL-C(mmol/L) 0.15 ± 0.04 0.08 ± 0.02 0.07 ± 0.02 0.14 ± 0.03 0.19 ± 0.03 
L-TC(mg/dL) 0.54 ± 0.10 1.31 ± 0.13### 0.63 ± 0.11** 0.68 ± 0.12** 0.89 ± 0.14 
L-TG(mmol/L) 1.88 ± 0.29 7.18 ± 1.20### 3.07 ± 0.59** 3.53 ± 0.69* 4.59 ± 0.92 
L-LDL-C(mmol/L) 0.16 ± 0.02 0.36 ± 0.08# 0.19 ± 0.05 0.15 ± 0.01* 0.19 ± 0.03 
L-HDL-C(mmol/L) 0.35 ± 0.04 0.19 ± 0.03 0.43 ± 0.05* 0.35 ± 0.09 0.23 ± 0.02 
AST(U/L) 125.8 ± 11.7 180.2 ± 13.9## 113.0 ± 11.0*** 130.4 ± 5.0** 112.7 ± 6.1*** 
ALT(U/L) 31.6 ± 1.6 47.7 ± 1.5### 29.9 ± 2.3*** 37.3 ± 2.1** 34.3 ± 2.8*** 
AST/ALT 3.97 ± 0.28 3.81 ± 0.31 3.87 ± 0.40 3.55 ± 0.15 3.43 ± 0.18 
TBIL(%) 1.29 ± 0.08 1.77 ± 0.10# 1.70 ± 0.14 1.79 ± 0.07 2.04 ± 0.17 
ALB(g/L) 32.2 ± 0.4 36.3 ± 1.3## 31.0 ± 0.4*** 30.4 ± 0.6*** 30.3 ± 0.4*** 

Four-month-old SD rats were subjected to the following treatment for 10 weeks after ovariectomy: Sham, Sham-operated, vehicle-treated; OVX, ovariectomized, 
vehicle-treated; PTH, ovariectomized, 1.8 μg/kg; CAL, ovariectomized, low-dose SWCA fraction (140 mg/kg), n = 10; CAH, ovariectomized, high-dose SWCA fraction 
(280 mg/kg). “S-” indicated serum; “L-” indicated liver. Results were expressed as mean ± SEM. 

# P < 0.05, 
## P < 0.01, 
### P < 0.001 versus Sham group, 
* P < 0.05, 
** P < 0.01, 
*** P < 0.001 versus OVX group by One-Way ANOVA. 
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indicated the impairment of live function after ovariectomy. After 
treatment for 10 weeks, the levels of ALT, AST and ALB of SWCA were 
significantly improved compared with the OVX group, and the results of 
SWCA was similar to that of PTH treatment. The ratio of AST/ALT was 
consistent in all groups. 

The H&E staining of liver was performed. As shown in Fig. 2, the 
livers of the Sham rats showed normal hepatic histology with normal 
hepatocytes, and without cell enlargement, inflammation, lipid droplets, 
or necrosis. The livers of the OVX rats showed steatosis with cytoplasmic 
lipid vacuoles and inflammatory cell infiltrates, while treatment of 
SWCA at both dosages reversed this steatosis. 

3.4. SWCA prevents ovariectomy-induced impairments of glucose 
tolerance and insulin actions 

Whole body glucose clearance during OGTT on the fasting rats was 
determined after treatment for 8 weeks. Fig. 3A presents the time course 
of absolute glucose levels during the OGTT. OVX rats had significant 
increased glucose concentrations at 30, 60, 90 and 120 min compared 
with the Sham group, indicating that ovariectomy induced glucose 
resistance. Treatment with PTH, and both low and high dosage of SWCA 
could significantly reverse these impairments induced by ovariectomy. 
The AUC above baseline glucose was calculated to validate the results 
(Fig. 3B). Compared with Sham rats, ovariectomy induced incremental 
glucose AUC by 12%, while treatment of SWCA at both dosages reversed 
this impairment of glucose clearance. 

The circulating blood FSG and FINS were determined after two 
weeks of OGTT (Fig. 3C and D). The levels of FSG and FINS in OVX rats 
were significantly increased compared with those of the Sham group, 
while the levels in OVX rats were significantly decreased in response to 
the treatment of PTH, low or high dosage of SWCA. To measure insulin 
resistance, insulin sensitivity and pancreatic islet beta cell function, the 
HOMA was analyzed based on FSG and FINS. As shown in Fig. 3E–G, 
ovariectomy significantly stimulated insulin resistance and suppressed 
insulin sensitivity, while it did not influence the functions of pancreatic 
islet beta cell. SWCA treatment at both dosages, similar to the effects of 
PTH, significantly reversed the abnormal alternations of insulin induced 
by ovariectomy. 

3.5. SWCA attenuates systemic inflammation induced by ovariectomy 

The levels of TNF-α, IL-6, IL-1β, IL-1α, MCP1 and IL-22, which are 
proinflammatory cytokines with important functions in dyslipidemia, 
were determined in serum, liver and colon in the current study. As 
shown in Fig. 4A, the serum levels of TNF-α and IL-22 were significantly 
increased in the OVX group compared with the Sham group, and this 
increase was significantly reversed by PTH and SWCA treatments. 
Compared with Sham rats, the MCP-1 level showed increased trend in 
OVX rat, while treatment with CAL significantly decreased the MCP-1 
level in OVX rats. There were no significant alternations of IL-1β, IL- 
1α and IL-6 in the Sham, OVX or SWCA treatment groups. 

The immunohistological results of liver and colon (Fig. 4B) showed 
that the expressions of TNF-α were significantly increased in the OVX 
group compared with the Sham group, while treatment with SWCA, 
similar to PTH treatment, significantly decreased these expressions of 
TNF-α in OVX rats. Interestingly, the expressions of IL-22 were signifi
cantly decreased in both the liver and colon of OVX rats, while SWCA 
treatment reversed these changes. 

3.6. SWCA prevents ovariectomy-induced impairment of the colon 

As the integrity of the intestinal barrier is a key characteristic related 
to the inflammatory conditions of metabolic diseases, the epithelial tight 
junction proteins in the colon were determined in this study. As shown 
in Fig. 5A, there were no obvious differences in the histological features 
of the colon among all the groups. Immunohistological analysis (Fig. 5A 

and B) showed that ovariectomy significantly reduced the protein ex
pressions of zonula occludens-1 (ZO-1), claudin-2 and occludin 
compared with the Sham group. CAL treatment significantly promoted 
the expressions of these tight junction proteins in OVX rats, while PTH 
treatment only brought about some increasing trends in these proteins. 

3.7. Gut microbiota composition and structural changes in response to 
SWCA treatment 

As our previous study indicated that gut microbiota might be 
involved in the actions of the lignan-rich fraction of S. williamsii in 
modulating the metabolic changes in the serum of ovariectomized rats 
[22], gut microbiota was sequenced on an Illumina MiSeq platform in 
the present study. The gut microbiota of all samples were classified as 
901 OTUs, 318 species, 170 genera, 58 families, 36 orders, 22 classes 
and 12 phyla based on the sequencing data. Ovariectomized rats showed 
lower numbers of genus and species compared with the Sham rats, while 
treatment with low dosage of SWCA reversed these changes (Supple
mentary Table S1). The alpha diversity analysis of ace index, chao index, 
sobs index, shannon index, simpson index and coverage index showed 
that the CAL treatment group had significantly increased Sobs and Chao 
indexes compared with the Sham and OVX groups as shown in Supple
mentary Table S2. The results indicated that CAL treatment was able to 
increase microbial community richness. 

The top nine phyla of the gut microbiota in each group were Firmi
cutes, Bacteroidetes, Proteobacteria, Verrucomicrobia, Tenericutes, Elusimi
crobia, Actinobacteria, Cyanobacteria and Lentisphaerae (Fig. 6A). There 
were no significant differences in the relative abundances of these phyla 
between the Sham and OVX groups, while the CAL treatment group had 
significantly increased abundance of Actinobacteria compared with both 
the Sham and OVX groups. Although the ratio of Firmicutes/Bacteroidetes 
(F/B) increased in OVX rats compared with the Sham rats, and it was 
slightly decreased in OVX rats in response to CAL treatment, these dif
ferences had no statistical significance. Actinobacteria was significantly 
increased in the SWCA treatment group compared with both the Sham 
and OVX groups. To assess specific changes in the gut microbiota, the 
relative abundance of microbiota at the genus level were analyzed using 
Kruskal-Wallis H test. The top 15 genera with significant differences in 
analysis between Sham, OVX and CAL were shown in Fig. 6B. Compared 
with the Sham group, ovariectomy significantly promoted the increase 
of the relative abundance of Ruminococcaceae_UCG-014 and [Eubacte
rium]_coprostanoligenes_group while CAL treatment significantly reversed 
these changes. In addition, CAL treatment significantly increased the 
abundances of Lachnoclostridium, Anaerotruncus, Lachnospiraceae_UCG- 
010, Adlercreutzia, Enterococcus, Barnesiella and Lachnospir
aceae_Nk4b4_group in OVX rats, although these genera only showed 
decreasing trends in OVX rats compared with the Sham group. 

In order to identify special communities of microbiota, the clade of 
microbial community from phylum to genus level was analyzed by LEfSe 
tool. Groups were shown as cladograms in Fig. 7A and LDA scores (>2) 
in Fig. 7B. Upon CAL treatment, two series of microbes were signifi
cantly enriched (Fig. 7A), namely, 1) phylum: Actinobacteria → class: 
Actinobacteria → order: Coriobateriates → family: Coriobacteriaceae → 
genus: Adlercreutzia, Parvibacter, no_norank_f_Coriobacteriaceae, Enter
orhabdus, and Collinsella; and 2) class: Betaproteobacteria → order: Bur
kholderiales → family: Alcaligenaceae → genus: Sutterella. Further LEfSe 
results (Fig. 7B) showed that 30 significant enrichment taxa with LDA 
scores > 2 in response to CAL treatment were found, which indicated 
that CAL treatment had the greatest impact on the richness of bacteria. 
The top 3 significantly enriched taxa of g_Lachnoclostridium, g_Para
bacteroides and c_Actinobateria belonged to the Proteobacteria or Actino
bacteria phylum. LEFse analysis further confirmed that Actinobacteria 
was a phylum that was closely related to the effectiveness of SWCA 
treatment. 

To determine whether the metabolic status of different animal 
groups had any effects on the gut microbial community structure, 
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Fig. 2. Histopathological analysis of the liver 
sections of rats upon different treatments at 
100 × (100 µm) and 200 × (50 µm). Four- 
month-old SD rats were subjected to the 
following treatment for 10 weeks after ovari
ectomy: Sham, Sham-operated, vehicle-treated, 
n = 10; OVX, ovariectomized, vehicle-treated, 
n = 10; PTH, ovariectomized, 1.8 μg/kg, 
n = 8; CAL, ovariectomized, low-dose SWCA 
fraction (140 mg/kg), n = 10; CAH, ovariecto
mized, high-dose SWCA fraction (280 mg/kg), 
n = 10.   
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correlation analysis of serum biochemistries and bacterial genera was 
performed. The relationships of the serum TC, TG, LCL-C, HDL-C, ALT, 
AST, TBIL, ALB, HOMA-IR, TNF-α, IL-1β, IL-1α, IL-6, IL-22 and MCP-1, 
and the top 50 genera in relative richness were shown in Fig. 8. The 
biochemistries of lipid metabolic disorder, liver functions and insulin 
resistance, and proinflammatory cytokines showed relationships with 
the microbial community structure, especially IL-22 and TNF-α, which 
had a greater impact on the microbial structure (Fig. 8A). HDL-C was 
inversely correlated with the other serum biochemistries, which is 
consistent with their different physiological functions. The heatmap in 
Fig. 8B showed that the significantly decreased abundances of Rumino
coccaceae_UCG-014 and [Eubacterium]_coprostanoligenes_group in 
response to CAL treatment (Fig. 6B) were positively correlated with 
TNF-α, TC, TG, IL-22, HOMA-IR, AST and ALT. Conversely, the microbes 
of Adlercreutzia, Anaerotruncus, Barnesiella, Enterococcus, Lanchnoclos
tridium, Lachnospiraceae_nk4B4_group and Lachnospiraceae_UCG-01 
which were negatively correlated with serum TNF-α, LDL-C, ALB and 
AST, were significantly enriched in the CAL treatment group (Fig. 6B). 

4. Discussion 

Although some components identified in Sambucus williamsii Hance, 
such as α- and β-amyrin [18], betulinic acid [40] and linoleic acid [20], 
have been reported to have anti-inflammatory, anti-diabetic, 
anti-glycemic or hypolipidemic activities, the actions of the lignan-rich 
fraction from S. williamsii on lipid metabolism and insulin resistance and 
the underlying mechanism are still unclear. In this study, we systemat
ically investigated the anti-dyslipidemia and anti-insulin resistance ef
fects of SWCA from S. williamsii in ovariectomized rats, and these effects 
were correlated with gut microbial structure. Our results showed that 
the metabolic disorders and inflammation in response to estrogen 
depletion were closely related to gut microbiota. SWCA alleviated dys
lipidemia, improved liver functions, prevented glucose tolerance and 
insulin actions, attenuated system inflammation and improved the in
testinal barrier in OVX rats. It also induced a high abundance of Acti
nobacteria, and restored the microbiota composition. 

Our results were in consistent with previous findings [41,42] and 
confirmed that ovariectomy induced body weight gain, and increased 
serum and hepatic TC, TG, LDL-C and insulin resistance [43,44]. Para
thyroid hormone (PTH) was positively correlated with lipolysis of 

Fig. 3. Effects of SWCA on HOMA and insulin actions. (A) the levels of blood glucose at different time points; (B) AUC of blood glucose; (C) FSG; (D) FINS; (E)HOMA- 
IR; (F) HOMA-β; (G) HOMA-IS. Four-month-old SD rats were subjected to the following treatment for 10 weeks after ovariectomy: Sham, Sham-operated, vehicle- 
treated, n = 10; OVX, ovariectomized, vehicle-treated, n = 10; PTH, ovariectomized, 1.8 μg/kg, n = 8; CAL, ovariectomized, low-dose SWCA fraction (140 mg/kg), 
n = 10; CAH, ovariectomized, high-dose SWCA fraction (280 mg/kg), n = 10. Results were expressed as mean ± SEM. For A, in OVX group, # P < 0.05, ## P < 0.01, 
### P < 0.001 versus Sham at the same time point; in PTH treatment group, ^^ P < 0.01, ^^^ P < 0.001 versus OVX at the same time point; in CAL treatment group, 
*P < 0.05 versus OVX at the same time point; in CAH treatment group, $ P < 0.05, $$$ P < 0.001 versus OVX at the same time point. For B-G, # P < 0.05, ## 
P < 0.01, ### P < 0.001 versus Sham, *P < 0.05, ** P < 0.01, *** P < 0.001 versus OVX by One-Way ANOVA followed with the Tukey’s post-hoc test. 
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adipose tissue and influenced glucose metabolism in postmenopausal 
women [32,45,46]. Although PTH significantly altered some parameters 
of lipid and glucose metabolism, its effects were not as potent as those 
induced by the lignan-rich fraction SWCA. SWCA significantly reversed 
the deteriorations of lipid and glucose metabolism in ovariectomy rats, 
but it did not alter their body weight. Similarly, Fayaz et al., reported 

that cinnamon extract combined with high endurance training allevi
ated insulin resistance and metabolic dysfunctions and lowered visceral 
fat, but did not influence the body weight of OVX rats [16]. Although 
obesity is strongly associated with dyslipidemia and insulin resistance, 
lean subjects also encounter these disorders, a phenomenon that was 
initially observed in an Asian population [47]. A meta-analysis by 

Fig. 4. The effects of SWCA on inflammation in 
serum, liver and colon. (A) the level of TNF-α, 
IL-22, IL-1β, IL-1α, MCP-1 and IL-6 in serum; 
(B) immunohistological staining of TNF-α and 
IL-22 in liver and colon sections at 100 × and 
200 × magnification; (C) mean optical density 
of TNF-α and IL-22 expressions in liver and 
colon. Four-month-old SD rats were subjected 
to the following treatment for 10 weeks after 
ovariectomy: Sham, Sham-operated, vehicle- 
treated, n = 10; OVX, ovariectomized, vehicle- 
treated, n = 10; PTH, ovariectomized, 1.8 μg/ 
kg, n = 8; CAL, ovariectomized, low-dose 
SWCA fraction (140 mg/kg), n = 10; CAH, 
ovariectomized, high-dose SWCA fraction 
(280 mg/kg), n = 10. Results were expressed as 
mean ± SEM. ### P < 0.001 versus Sham, 
*P < 0.05, ** P < 0.01, *** P < 0.001 versus 
OVX by One-Way ANOVA followed with the 
Tukey’s post-hoc test.   
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Sookoian and Pirola on the risk factors associated with lean and obese 
patients with non-alcoholic fatty liver disease (NAFLD) concluded that 
lean patients, had significant increase in plasma glucose and HOMA-IR, 
blood lipids and total cholesterol, and possessed excess of abdominal 
adipose tissue even though their body weight was normal [48]. All the 
above findings indicated that body fat, not body weight, was a critical 
factor modulating lipid metabolism and insulin actions. The current 
study demonstrated the protective effects of SWCA against 
ovariectomy-induced lipid and glucose disorder. Its effects on body fat 
depots will be explored in our future study. 

System inflammation was observed in post-menopausal women due 
to the deficiency of oestrogen [49]. Consistently, in this study, TNF-α 
was significantly increased in the serum, liver and colon of OVX rats, 
while SWCA treatment significantly attenuated these high levels of 
TNF-α in OVX rats. Interestingly, the level of IL-22 significantly was 
increased in serum of OVX rats, but its expressions were obviously 
decreased in the liver and colon of OVX rats. SWCA significantly 

reversed these changes in IL-22 induced by OVX in serum, liver and 
colon. IL-22 is a proinflammatory cytokine produced by innate 
lymphocyte cells in mucosa, especially in the intestine, and its receptor 
is restricted to specific tissues, such as hepatocytes and epithelial cells of 
the intestinal tract. IL-22 could play either a protective or pathogenic 
role, depending on the specific tissue and disease state. IL-22 expression 
protects hepatocytes in a variety of chemical-induced liver damage 
models [50]. It protects against hepatocellular injury, necrosis and 
apoptosis in T-cell-dependent hepatitis, ameliorates alcoholic fatty liver 
damage in alcohol-induced liver injury, and promotes liver progenitor 
cell proliferation in chronic hepatics B virus infection, while it promotes 
liver tumor cell growth both in vitro and in vivo [51,52]. IL-22 also 
promotes epithelial proliferation to restore epithelial barrier function, 
leading to limited bacterial replication and dissemination in many 
infection models [53,54]. In this study, we found that IL-22 plays 
different roles in the whole blood system and specific tissues. The ac
tions of SWCA in the modulating of the pro-inflammatory cytokines of 

Fig. 5. The effects of SWCA on intestinal bar
riers. (A) the H&E staining of colon and 
immunohistological staining of ZO-1, Caludin-2 
and Occludin at 200 × and 
600 × magnification; (B) mean optical density 
of ZO-1, Caludin-2 and Occludin. Four-month- 
old SD rats were subjected to the following 
treatment for 10 weeks after ovariectomy: 
Sham, Sham-operated, vehicle-treated, n = 10; 
OVX, ovariectomized, vehicle-treated, n = 10; 
PTH, ovariectomized, 1.8 μg/kg, n = 8; CAL, 
ovariectomized, low-dose SWCA fraction 
(140 mg/kg), n = 10; CAH, ovariectomized, 
high-dose SWCA fraction (280 mg/kg), n = 10. 
Results were expressed as mean ± SEM. # 
P < 0.05 versus Sham, *P < 0.05, versus OVX 
by One-Way ANOVA followed with the Tukey’s 
post-hoc test.   
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IL-22 and TNF-α might partially explain its beneficial effects on meta
bolic disorders. 

The intestinal barrier is critical for health by preventing the pene
tration of macromolecules and potentially pathogenic microorganisms. 
Some studies identified increased colonic permeability in both in vivo 
and ex vivo rodent models of estrogen deficiency [55] and intestinal 

barrier dysfunction is correlated to various inflammatory diseases, such 
as Crohn’s disease and ulcerative colitis [56]. It’s a possible reason for 
the increased inflammatory cytokines in menopause that some antigens 
enter to submucosa due to the intestinal barrier disturbance induced by 
estrogen withdraw. Intestinal tight junction proteins such as occludin, 
claudins and zonula occludins (ZO) are crucial for maintaining the 

Fig. 6. The effects of SWCA on bacterial compositions in different groups at phylum and genus levels. (A) the relative abundance of gut microbiota at phylum levels; 
(B) the relative abundance of the top 15 significantly changed gut microbiota at genus levels. Sham, Sham-operated, vehicle-treated; OVX, ovariectomized, vehicle- 
treated; CAL, ovariectomized, low-dose SWCA fraction (140 mg/kg). n = 10 for each group. Results were expressed as mean ± SD. # P < 0.05, ## P < 0.01, ### 
P < 0.001 versus Sham, *P < 0.05, ** P < 0.01 versus OVX by Kruskal-Wallis H test. 
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barrier integrity and protective function against intestinal antigens. In 
the present study, oestrogen depletion decreased the expressions of in
testinal tight junction proteins ZO-1, Claudin-2 and Occludin, an 
observation that was supported by the findings of Chen et al. [57]. 
SWCA treatment significantly restored the decreases in intestinal junc
tion proteins, thus protecting the gut barrier, which might explain the 
modulating effects of SWCA on pro-inflammatory cytokines. 

There is accumulated evidence showing that gut microbiota plays a 
key role in the development of metabolic diseases, such as obesity, 
diabetes, alcoholic liver disease and nonalcoholic fatty liver disease 
[58]. The composition and structure of gut microbiota is determined by 
16s rRNA gene sequencing. The Firmicutes to Bacteroidetes ratio is 
generally used to indicate the status of metabolic diseases. Increased 

ratio of F/B was associated with obesity in humans and mice, diabetes 
(type I) in mice and dyslipidemia in mice [59], while type 2 diabetes 
without obesity was related to a decreased ratio of F/B in human and 
mice [60]. Our results showed that ovariectomy slightly increased the 
relative abundance ratio of Firmicutes to Bacteroidetes compared with the 
Sham group, while SWCA treatment exhibited a mild decreasing trend of 
F/B in OVX rats, results that were in line with some previous studies. 
Interestingly, in response to SWCA treatment, the phylum of Actino
bacteria was significantly increased compared with both the Sham and 
OVX groups. These bacteria help to digest food in most of the animals. 
Actinobacteria is able to break down different food ingredients such as 
carbohydrate, protein, lipid and glycan into useable form and maintain a 
continuous supply of calories to the body [61]. A metabolomics study 

Fig. 7. LEfSe (Linear discriminant analysis effects size) analysis of gut microbiota in each group. (A) cladogram of LefSe analysis; (B) LDA scores in each group. 
Sham, Sham-operated, vehicle-treated; OVX, ovariectomized, vehicle-treated; CAL, ovariectomized, low-dose SWCA fraction (140 mg/kg). n = 10 for each group. 
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was carried out and the in-house results showed that a high serum 
enterolactone (an intestinal metabolite of lignans) level was observed in 
OVX rats upon SWCA treatment for 12 weeks but not in the Sham or OVX 
vehicle groups. We deduced that high abundance of Actinobacteria might 
promote the transformation of lignans in gut, which may account for the 
beneficial effects of SWCA on metabolism. Further metagenome of gut 
microbiota of SWCA in OVX rats will be performed to investigate the 
metabolic pathways that are related to the gut microbial community. 

There is evidence suggesting that the gut microbiome accounts for 
6% of the variance in triglycerides and 4% in high-density lipoproteins, 

independent of age, sex and genetic risk factors [62]. A species of Eu
bacterium coprostanoligenes ATCC 51222 in Eubacterium genus has 
been found to be cholesterol-reducing barium, and it can reduce 
cholesterol intake by breaking down cholesterol into coprostanol [63]. 
Yang et al. reported that the genus of [Eubacterium]_copro
stanoligenes_group and Ruminococcaceae_UCG_014 were decreased in rats 
with high fat diet-induced obesity, but direct correlations of these two 
genera and lipid metabolic indicators were missing [64]. We found that 
[Eubacterium]_coprostanoligenes_group and Ruminococcaceae_UCG_014 
were significantly increased in ovariectomized rats, while they were 

Fig. 8. The correlation between relative abun
dance of top 50 taxa and serum indicators at 
genus level. (A) db-RDA analysis. The lengths of 
the red arrows represent the influence of the 
serum indicators on gut composition, the angle 
between the arrows of serum indicators repre
sents the positive (acute angle) and negative 
correlations (obtuse angle); (B) Spearman cor
relation heatmap. Red, positive correlation; 
Green, negative correlation. *P < 0.05, 
** P < 0.01, *** P < 0.001. (For interpretation 
of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   

H.-H. Xiao et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 137 (2021) 111372

13

decreased in the SWCA treatment group. In addition, [Eubacterium] 
_coprostanoligenes_group and Ruminococcaceae_UCG_014 was positively 
correlated with serum TNF-α, TG and ALT. It should be clarified that 
[Eubacterium]_coprostanoligenes_group is a genus that belongs to Rumi
nococaceae family, while Eubacterium coprostanoligenes is a species that 
belongs to Eubacterium genus and Eubacteriaceae family. Although Eu
bacterium coprostanoligenes has the ability to convert cholesterol to 
coprostanol, [Eubacterium]_coprostanoligenes_group may not have the 
ability to do so. Furthermore, the metabolic dysfunctions induced by 
high fat diet and those induced by ovariectomy are very different. The 
Spearman correlation heatmap in the current study showed obvious 
relationship of Ruminococcaceae_UCG-014 [Eubacterium]_copro
stanoligenes_group, Adlercrutzia, Anaerotruncus, Barnesiella, Lachnospir
aceae_nk4B4_group, Lachnospiraceae_UCG-010, Lanchnoclostridium and 
Enterococcus with metabolic indictors in ovariectomy rats. Further cul
ture and purification of bacterial species in [Eubacterium]_copro
stanoligenes_group in vitro is needed to identify their actions on 
metabolism. 

Consumption of lignan-rich vegetables, fruit and whole-grain prod
ucts is helpful for protecting human from chronic diseases [65,66]. 
Several studies have addressed the beneficial effects of lignan-rich diet 
on lipid improvement and glycemic control in humans or in animals [67, 
68]. Post-menopausal women (average age 56.8) with high dietary lig
nan intake could lower body mass index (BMI) and total body fat mass, 
improve glucose disposal rate and have a high level of plasma enter
olactone compared with women in the low lignan intake group [67]. In 
the current study, consistent with some previous lignan-related reports, 
we found that the lignan-rich fraction SWCA from S. williamsii alleviated 
dyslipidemia, improved liver functions, and prevented glucose tolerance 
and insulin actions. 

5. Conclusion 

The present study systematically demonstrated that the lignan-rich 
fraction, SWCA, from Sambucus williamsii Hance significantly allevi
ated dyslipidemia, improved liver functions, prevented glucose toler
ance and insulin actions, attenuated system inflammation, improved 
intestinal barrier in OVX rats. In addition, changes in the composition of 
gut microbiota were attributed to the effects of SWCA on metabolic 
disorders. We are the first to report the protective effects of the lignan- 
rich fraction form S. williamsii on dyslipidemia and insulin resistance. 
Our findings provide strong evidence for the application of this lignan- 
rich fraction to patients with menopausal lipid disorder or insulin 
resistance-related diseases. 
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M.S. Asselin, J.M.S. Tremblay-Mercier, I.M.D. Marc, B.P.D. Lamarche, F.M. 
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