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Astragalus membranaceus is a staple of Traditional Chinese Medicine being one of the oldest medicinal 
herbs listed in the material medica of Chinese herbal medicine. Chinese herbalists have used Astragalus 
to help the human body fight a variety of diseases. Modern herbalists utilize Astragalus primarily as an 
immunostimulant to prevent common infection and aid in the recovery following infection. Historically, 
the biological activities associated with Astragalus have been accounted for, at least in part, to several 
constituents present in the botanical including saponins and polysaccharides. We propose that in addition 
to these constituents, compounds from endophytic (or epiphytic) bacteria present in (or on) the roots 
of Astragalus may have an important biological role. Lipopolysaccharides and lipoproteins are major 
components of Gram-negative bacteria and highly potent activators of the innate immune response. 
Our data supports a direct correlation between the level of immune gene induction and the level of 
lipopolysaccharides/lipoproteins present in the Astragalus extract. We demonstrate that extracts from 
Astragalus specifically activate Toll-like and NOD-like receptors involved in the recognition and response 
to bacterial constituents and that removal of the lipopolysaccharide/lipoprotein from the Astragalus extract 
reduced the level of this response. The results support that many immune enhancing botanicals have 
established a symbiotic relationship with Gram-negative bacteria and that the immune enhancing effect of 
these botanical extracts on the body may not only be due to endogenous plant compounds, but endophytic 
(or epiphytic) bacterial components as well.
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INTRODUCTION

Astragalus membranaceus (traditionally known as 
Huangqi) is a traditional Chinese herb used medicinally 
for thousands of years for its powerful immunomodulato-
ry effects. Typically prepared as a decoction or ethanolic 
extract of the root, A. membranaceus (AM) has been 
used historically to treat what Traditional Chinese Med-
icine (TCM) refers to as “Qi” and “Blood” deficiencies, 
including anemias, weakness, fever, fatigue, and uterine 
prolapse [1-6]. In modern clinical practice, common uses 
include treatment of upper respiratory infections, cardio-
vascular disease, cancer, diabetes mellitus, and renal dis-
ease [1,7-19]. In China, and increasingly throughout the 
world, AM is frequently used as an immunostimulant to 
prevent common infection and an immunomodulator to 
aid in recovery post-infection [16,20-25]. Positive ther-
apeutic effects of AM are attributed to a wide range of 
antimicrobial, antiviral, hypoglycemic, cardioprotective, 
antioxidant, nephroprotective, and wound healing effects 
[7-29].

Several compounds isolated from AM have been 
credited with showing bioactivity in vitro, in vivo, and 
in limited human clinical trials [16,26,30-32]. Over 200 
plant components have been isolated and identified from 
AM including saponins, polysaccharides, flavonoids, 
alkaloids, trace elements, and amino acids [30]. Most 
of the attention in research has been on the activity of 
the polysaccharides (APS) and saponins, primarily the 
astragaloside saponins I-IV (AS-I, AS-II, AS-III, AS-
IV). Despite decades of research, proposed mechanisms 
for the effects of AM remain inconclusive and many 
studies report conflicting evidence for immune-stimu-
lating/pro-inflammatory effects vs. anti-inflammatory/
immune-regulatory effects. APS has been credited with 
stimulation of macrophage maturation and phagocytosis 
in PMBC treated cells, increased secretion of nitric oxide 
(NO) and inducible nitric oxide synthase (iNOS), upreg-
ulated T-cell proliferation, and an increase in pro-inflam-
matory cytokines IL2, IL6, tumor necrosis factor (TNF), 
and interferon gamma (IFNγ) [16,30,33-37]. Conversely, 
the astragalosides, particularly AS-IV, have been asso-
ciated with attenuation of inflammation by inhibition 
of toll-like receptor 4 (TLR4)/NFκB signaling pathway, 
reduced NO and iNOS, decreased levels of IL6, IL1β, 
TNFα and increased Treg cell modulation [38-42]. Al-
though most studies continue to emphasize the dominant 
roles of APS and/or AS-IV in the therapeutic effects of 
AM, a mounting body of evidence also suggests that lipo-
polysaccharides (LPS, or endotoxin) and/or lipoproteins 
provided by Gram-negative endophytic bacteria likely 
play a role in its immunomodulatory activity, particularly 
immune stimulation [25,26,43-45].

Endophytic bacteria are symbiotic microbes found 

inside the tissues of all living plants that do not cause any 
apparent harm to the plant [46-48]. Endophytes, similar to 
rhizosphere microbes, interact with the plant to promote 
its health and development through nitrogen fixation, me-
tabolism of waste products, and production of secondary 
metabolites that may be utilized by the plant and/or by 
humans for therapeutic benefit [48-51]. Many species 
of endophytic bacteria have been isolated not only from 
plant roots, rhizome, and root nodules, but also inter- and 
intracellularly from plant stems, leaves, and seeds [48]. 
The species and number of endophytic microbes within 
any given plant can vary significantly based on geog-
raphy, climate, plant age, plant tissue, and other factors 
[52]. Rhizobium is an endosymbiont that has been shown 
to establish a relationship with AM root, and scientists 
have isolated 44 genetically diverse species of Rhizobia 
from 90 different geographically distinct Astragalus spe-
cies [53,54]. Most of these Rhizobia are Gram-negative, 
non-sporulating bacilli that contain lipopolysaccharide 
(LPS), a major constituent of Gram-negative bacteria 
helping to stabilize and protect the cell membrane [47]. 
LPS, in general, is highly immunogenic in humans and 
is able to activate macrophages and to stimulate endog-
enous production of pyrogens, IL1, and TNF [55-57]. 
LPS is also well known for acting on TLR4 receptors to 
stimulate a proinflammatory immune response in a host 
[58,59]. Alternatively, epiphytic bacteria are bacteria 
which live non-parasitically on the surface of a plant in-
cluding the leaves, roots, flowers, buds, seeds, and fruit. 
These bacteria may be classified as either Gram-negative 
or positive often growing in aggregates or as a biofilm on 
the plant surface.

Recent research on another immunostimulatory herb, 
Echinacea spp. has shown that LPS and Braun-type lipo-
proteins from endophytic bacteria may be responsible for 
up to 97% of the immune stimulating activity of Echina-
cea spp. [43]. Pugh et al. (2013) studied the relationship 
between Echinacea purpurea’s total bacterial load, LPS 
content, and NF-κB activation in THP-1 macrophages 
and determined that the immune stimulatory activity and 
content of LPS was strongly correlated with the estimated 
total bacterial load within the plant [60]. Our previous 
research [25] demonstrated high levels of LPS in medic-
inally prepared extracts of Astragalus, Echinacea spp., 
and other immunostimulatory plants compared to lower 
levels of LPS in Utrica diocia and other immunosup-
pressive plants. We also previously studied cytokine 
expression following AM treatment, both physiologically 
and in cell culture, which revealed significant increases 
in proinflammatory cytokines IL1α, IL1β, IL6, IL8 in 
vitro, and significant increases in IFNγ and TNFα in vivo 
[25,26]. As stated before, LPS is known to activate NFκB 
through stimulation of TLR4, which can lead to induction 
of many of these proinflammatory cytokines [30,59-61].
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The purpose of our present study was to confirm the 
presence of immune stimulatory components, including 
LPS and lipoproteins likely from endophytic (or epiphyt-
ic) bacteria, in extracts of A. membranaceus root and to 
determine the relationship between these components 
and stimulation of TLR and NOD receptors leading to 
NFκB activation in vitro. We also sought to further exam-
ine if the in vitro model could be used to predict activity 
in vivo by studying the relationship between the presence 
of LPS/lipoproteins and levels of IFNγ and TNFα, two 
cytokines we previously found to be elevated in humans 
following oral AM administration [26].

MATERIALS AND METHODS

Cell culture: HEK-293T cells stably expressing 
TLR or NOD receptors were purchased from InvivoGen 
(293-tlr-cells). Cells were maintained in DMEM, supple-
mented with 4.5 g/l glucose, 2-4 mM L-glutamine, 10% 
(v/v) fetal bovine serum, 50 U/ml penicillin, 50 μg/ml 
streptomycin and either 10mg/ml blasticidin alone or in 
combination with 100 mg/ml hygromycin B according to 
manufacturer’s recommendation and incubated at 37°C 
with 5% CO2 supplementation.

Botanical extract preparation: Astragalus mem-
branaceus dried plant root material (origin: China) was 
obtained from Starwest Botanicals with documentation 
of authenticity. All plant material was subsequently ver-
ified by qualified botanical specialists using herbal phar-
macopoeia monographs and reference keys. A voucher 
specimen of all plant material was deposited in our repos-
itory (SCNM #209140-31-52959). Botanical extraction 
protocol was based on methods done traditionally for 
medicinal use (personal communication, Herbal Vitali-
ty). For extraction, the botanical material was ground to 
a fine powder, resuspended in a 1:10 wt:vol extraction 
solution of 25% ethanol. The mixture was incubated for 
24 hrs at room temperature with continual mixing. The 
solid material was removed by centrifugation at 3,000xg 
for 10 min and the supernatant filtered through 0.2 μM 
filter. The final extraction contained 10mg/ml non-vola-
tile constituents.

NFκβ Reporter assay: Cells were transfected with 
pNiFty-SEAP(InvivoGen) using Lipofectamine® 2000 
Reagent according to manufacturer’s recommendations. 
Cells were allowed to recover for 48 hrs post-trans-
fection. Cells were then stimulated/treated for 24 hrs. 
Changes in NFκβ expression following treatment was 
measured by SEAP levels in the media by using QUAN-
TI-Blue™ (InvivoGen) absorbance according to manu-
factures recommendations. Control samples were treated 
with manufacturer’s recommended agonist (InvivoGen): 
TLR2 and TLR2/6: heat killed Bacteroides fragilis (106 
cells/ml); TLR3: poly(A:U) (1μg/ml); TLR4: LPS-B5 

E.coli 035:B5 (1μg/ml); TLR5: flagellin from B. subtilis 
(1μg/ml); TLR7 and TLR 8: single-stranded polyU naked 
(1μg/ml); TLR9: CpG ODN 2216 (1μM); NOD1: acetyl-
ated derivative of iE-DAP (1μg/ml); NOD2: muramyldi-
peptide with C18 fatty acid chain (10ng/ml).

Endotoxin removal: Ethanol was removed from 
botanical samples by rotary evaporation for 2 hours and 
the solutions and brought to the original volume with 
nanopure water. Botanical samples were adjusted to a 
pH of 7.5 with 100mM NaCl. 100ml of ToxinEraserTM 
Endotoxin Removal Resin (GenScript) was prepared ac-
cording to manufactures recommendations and added to 
each treatment. Botanical samples were incubated with 
the resin for 24 hrs while rotating at 4°C. Resin was re-
moved by centrifugation. Endotoxin levels were assayed 
using ToxinSensorTM Chromogenic LAL Endotoxin As-
say Kit and plotted against a standard curve according to 
manufacturer’s recommendations.

Neutralization of Endotoxin by peptide blockade: 
Endotoxin neutralizing peptide (Sigma) was reconstitut-
ed in PBS at 1mg/ml; a final concentration was added 
to botanical samples at a dose of 30μg/ml of sample and 
allowed to incubate for 2 hrs at 4°C while rotating.

Intracellular cytokine expression: Single cell 
suspensions were prepared in RPM1640 + 10% heat 
inactivated fetal bovine serum. Cells were allowed to 
equilibrate for 24 hrs. 1x106 cells were treated with bo-
tanical extract (with and without endotoxin removal) at 
a dose of 10 μg/ml for 12 hrs. At 7 hrs post-treatment, 
BD GolgiPlug™ was added at 1U/ml according to man-
ufacturer’s instructions. At the time of harvest, cells were 
pelleted by centrifugation and washed with FACS buffer 
and Fc Block for 20 mins at 4°C. Cells were fixed and 
permeabilized with BD permeabilization solution for 20 
mins at 4°C, followed by washing of the cells two times 
in 1× BD Perm/Wash™ buffer. Staining for intracellular 
cytokines was conducted with anti-human IFNγ or an-
ti-human TNFα (BD Pharmingen) by incubating cells 
with antibodies at 4°C for 30 mins in the dark. Cells were 
then washed two times with 1× BD Perm/Wash™ buf-
fer. Stained cells were then immediately acquired on a 
BD LSR II Fortessa flow cytometer and analyzed using 
FlowJo software.

RESULTS

Toll-like receptors (TLRs) make up a class of proteins 
that play a fundamental role in the recognition of patho-
gen-associated molecular patterns (PAMPs) expressed on 
infectious organisms [59]. Although various TLRs detect 
a wide variety of microbial components, all TLR signal-
ing pathways culminate in activation of the transcription 
factor, NF-κB, which controls the expression of an array 
of inflammatory cytokine genes that make up the innate 
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resulted in induction of NFκB, compared to the null cell, 
in which NFκB was not induced (Figure 1). Treatment of 
the NOD/TLR cells with AM extract resulted in activa-
tion of NF-κB in cells expressing NOD1, TLR2, TLR2/6, 
and TLR4 (Figure 1). Conversely, cells expressing 
NOD2, TLR3, TLR5, TLR7, TLR8, and TLR9 did not 
lead to activation of NFκB following administration of 
AM (Figure 1). TL4 has been associated with stimulation 
by bacterial LPS, whereas TLR2 has been associated with 
stimulation by bacterial lipoproteins, both leading to sub-
sequent induction of the NF-κB cascade [58,59,63]. Our 
results show that activation of the TLR4 and TLR2 cells 
was dose dependent with levels comparable to the control 
sample (Figure 1). TLR2 typically dimerizes with TLR6 
to mediate the cellular response to bacterial lipoproteins 
[63], so a single cell expressing both TLR2/6 was tested, 
which also revealed positive induction by AM (Figure 
1). At the highest dose of AM (90 μg/ml) a reduction in 
activation was observed in the TLR2/6 cells resulting in a 
decrease in SEAP activity compared to the 30 μg/ml dose 
(Figure 1). This reduction in activity could be due to the 
presence of inhibitory compounds also present in the ex-
tract, potentially including other lipoproteins which have 
been shown to attenuate TLR2 activation [60,64]. Both 
NOD1 and NOD2 proteins recognize specific peptidogly-
can constituents of bacterial cell walls, however, NOD1 
has been associated with stimulation by Gram-negative 
bacteria, whereas NOD2 is generally associated with 

immune response [56,59]. Similarly, nucleotide-binding 
and oligomerization domain (NOD)-like receptors 
are pattern-recognition receptors similar to TLRs. 
While TLRs are transmembrane receptors, NLRs are 
cytoplasmic receptors that play a crucial role in the innate 
immune response [62]. Of the TLR protein family, TLR4 
is the most acknowledged member for bacterial LPS 
recognition and LPS-mediated inflammatory responses 
[58,59]. TLR2 and TLR6 form heterodimers and are as-
sociated with bacterial lipoprotein recognition [42,58,59]. 
Peptidoglycan from Gram-negative bacterial cell wall has 
been associated with activation of NOD1 proteins [62]. In 
order to study the activation of TLR and NOD receptors 
by suspected LPS present in the A. membranaceus ex-
tract, HEK293T cells were obtained that contained either 
no receptor (Null cell) or stably expressing NOD or TLR 
receptors, including the following: NOD1, NOD2, TLR2, 
TLR3, TLR2/6, TLR4, TLR5, TLR7, TLR8, and TLR9. 
HEK293T cells expressing the indicated NOD/TLR genes 
and the HEK293T null cell were transiently transfected 
with the SEAP plasmid and subsequently treated with 
AM extract or a manufacturer’s recommended known 
agonist for the receptor (control). Concentrations of AM 
extract were based on total non-volatile components pres-
ent in the extract. Changes in NFκB activation following 
cell treatment were measured by quantifying SEAP (se-
creted embryonic alkaline phosphatase) levels in the me-
dia. Control treatment of all NOD/TLR expressing cells 

Figure 1. TLR/NOD receptor activation by A. membranaceus. HEK293 cells stably expressing the indicated human 
TLR/NOD gene were treated with AM extracts at 10, 30, and 90 μg/ml. Control samples (C) were treated with manufac-
turer’s recommended receptor agonist. NF-κB activation was evaluated by expression of the NF-κB inducible reporter 
gene and secretion of SEAP. Error bars indicate the standard deviation from three separate trials.
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AM extracts. Endotoxin removal is a critical procedure 
performed in many recombinant protein preparations of 
drugs, injectables, and other biologic products, to reduce 
the risk of LPS-related shock, tissue injury, or other seri-
ous side effects associated with the presence of endotoxin 
[69]. In this experiment, endotoxin/LPS removal was 
performed as described using a polymyxin B based affin-
ity resin and column filtration. In addition, lipoproteins 
have also been shown to bind to a polymyxin B resin and 
were likely removed from the extract during this process 
[70]. Endotoxin levels were undetectable following this 
procedure (data not shown). Transfected HEK293T cells 
containing NOD1, TLR2, TLR4, and the null cell were 
treated with the AM extract (with and without endotoxin 
removal), and were evaluated for NF-κB activation. The 
null cell, as in the first experiment, was not induced by 
either AM extract or AM extract without endotoxin (AM-
LPS). Conversely, NOD1, TLR2, and TLR4 cells were all 
activated by AM extract, to a similar degree as in the first 
experiment (Figure 1), but this level of activation was 
greatly inhibited when treated with the AM-LPS extract 
(Figure 2). As mentioned before, TLR4 proteins are asso-
ciated with recognition of bacterial LPS, whereas TLR2 
is associated with recognition of lipoproteins and NOD1 
is associated with recognition of peptidoglycan from 
Gram-negative bacterial cell wall [58,59,62]. Although 
the endotoxin removal assay was designed to remove 

stimulation by either Gram-positive or negative bacteria 
[62]. NOD1 cells were highly activated by AM (even at 
the lowest dose), whereas NOD2 cells were not activated, 
further supporting immune activation by bacterial con-
stituents (Figure 1). Again, a partial inhibition in activa-
tion was observed following treatment of the NOD1 cells 
at the highest dose of AM extract. As previously stated, 
TLR3, TLR5, TLR7, TLR8, and TLR9 were not induced 
following administration of AM (Figure 1). Most of these 
receptors have not been shown to respond to LPS, lipo-
proteins, or peptidoglycan cell wall components. TLR3 is 
generally associated with activation by viral dsRNA, and 
similarly, TLR5 is associated with the recognition of bac-
terial flagellin, a virulence factor found in certain species 
of Gram-positive or Gram-negative bacteria that contain 
flagella [59,65]. TLR7 and TLR8 primarily recognize 
viral ssRNA molecules, and TLR9 has been identified as 
being able to sense DNA-containing viruses and unmet-
hylated CpG dinucleotides in bacterial DNA [59,66-68]. 
Since most of these TLRs are involved in recognizing 
viral constituents (except for TLR 5), it is likely that the 
AM did not contain viral pathogens or that the PAMPs for 
these TLRs were not extracted utilizing the 25% ethanol 
extraction conditions.

In order to confirm the role of LPS and lipoproteins 
as active constituents in the induction of cellular NF-κB 
expression, endotoxin/LPS removal was performed on 

Figure 2. Inhibition of TLR/NOD activation by A. membranaceus following endotoxin removal. HEK293 cells 
stably expressing the indicated human TLR/NOD gene were treated with AM extracts or AM extracts following LPS 
(endotoxin)/lipoprotein removal at 10, 30, and 90 μg/ml. NF-κB activation was evaluated by expression of the NF-κB 
inducible reporter gene and secretion of SEAP. Error bars indicate the standard deviation from three separate trials.
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Figures 1-3 demonstrate that LPS and lipoproteins 
are likely present in AM extracts and that these constitu-
ents bind to TLRs initiating the NFκB cascade. Although 
these studies show there is a clear cellular effect, we 
also sought to demonstrate whether the LPS/lipoproteins 
present were responsible for any physiological effects. 
Previous studies on Astragalus have shown that treat-
ment of human PMBCs (peripheral blood mononuclear 
cells) with hydroethanolic extracts of AM induced the 
maturation of monocytes/macrophages and the release 
of multiple immunostimulatory and proinflammatory 
cytokines, such as IL1, IL2, IL6, TNFα, and IFNγ [25]. 
Our previous research on the physiological response of 
AM showed that circulatory TNFα and IFNγ levels were 
significantly increased in human serum following in vivo 
administration of AM [26]. PMBCs are a mixture of 
mostly lymphocytes (T-cells, B-cells, and natural killer 
cells) as well as monocytes, macrophages, and dendritic 
cells, that are used frequently in immunological research 
cell-culture studies [71-73]. Based on our previous re-
search findings, we chose to look at the expression of 
TNFα and IFNγ in human PMBCs following treatment 
with AM, with and without LPS/lipoprotein removal. 
Human PMBCs were treated with either AM extract or 
AM extract that was column filtered to remove endotoxin 
(AM-LPS). Levels of TNFα and IFNγ expression were 
measured using anti-human TNFα and anti-human IFNγ 
antibody staining followed by flow cytometry analysis. 
Treatment of PMBCs with vehicle (25% ethanol) showed 
no detectable IFNγ expression (Figure 4A). Treatment 
with AM resulted in the detection of two cell populations, 
with one group expressing high levels of IFNγ activity, 
indicating production of IFNγ by some cells in the PMBC 
population (Figure 4A). When the LPS/lipoproteins were 
removed from the AM extract and the cells treated, IFNγ 
expression was not detected within the cell population 

LPS, it can also bind lipoproteins. It is likely that the LPS 
and/or lipoproteins were structurally associated with the 
bacterial peptidoglycan components leading to the re-
moval of these components during the column filtration 
process and the subsequent reduction in NOD1 activation 
seen in Figure 2. These results support that LPS and lipo-
proteins present in the AM extract, and possibly peptido-
glycan in the case of NOD1, was likely responsible for 
inducing NF-κB in the TLR4 and TLR2 expressing cells.

Since it is possible that column filtration may remove 
additional components other than just LPS/lipoproteins, 
the role of the LPS/lipoproteins as the active constituents 
in the induction of TLR receptors was confirmed by the 
addition of endotoxin peptide inhibitor. In this assay, an 
endotoxin neutralizing peptide was added to AM extract 
to inhibit the activity of the LPS. Transfected HEK293T 
cells expressing TLR4 or TLR2 and the null cell were 
treated with the AM extract, or the AM extract incubat-
ed with endotoxin neutralizing peptide (AM+peptide). 
As expected, the null cell was not induced by either the 
AM extract or AM+peptide (Figure 3). TLR2 and TLR4 
cells were both activated by the standard AM extract, to a 
similar degree as previously observed (Figure 3). Activa-
tion of the TLR2 and TL4 cells was greatly inhibited by 
treatment with AM+peptide as compared to activation by 
AM extract alone (Figure 3). Although a full inhibition 
in the activation of the TLR2 and TLR4 cells was not 
observed, the level of inhibition was substantial and con-
sistent. We believe stoichiometrically we were not able 
to add enough peptide to bind and neutralize all the LPS 
present in the extract. These results confirm our previ-
ous results observed in Figures 1 and 2, supporting the 
presence and role of LPS in the activation of TLR4. For 
TLR2, the endotoxin neutralizing peptide was also likely 
able to block the activity of bacterial lipoproteins leading 
to the inhibitory effect observed.

Figure 3. Inhibition of TLR activation by A. membranaceus following endotoxin inhibition. HEK293 cells stably 
expressing the indicated human TLR/NOD gene were treated with AM extracts or AM extracts treated with endotoxin 
neutralizing peptide at 10 and 30 μg/ml. NF-κB activation was evaluated by expression of the NF-κB inducible reporter 
gene and secretion of SEAP. Error bars indicate the standard deviation from three separate trials.
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TLR4, and NOD1) was observed after treatment with 
AM extracts (2) the activity of TLR2, TLR4, and NOD1 
was inhibited following removal of LPS/lipoproteins by 
column-filtration or by an endotoxin binding peptide, and 
(3) TNFα and IFNγ expression in PBMCs was likely de-
pendent on the presence of LPS/lipoproteins in the AM 
extract. Although these assays were done in a cell culture 
system, previous results in vivo support the induction of 
TNFα and IFNγ following the oral administration of AM 
and therefore may support a role of LPS/lipoproteins in 
these physiological effects [26].

Complementary and alternative medicine (CAM) 
has been a staple in Eastern medicine for millennia and 
is still thriving in places like China where the adoption 
of Western medical practices in recent decades has re-
sulted in the creation of integrative Chinese and Western 
medicine (ICWM) in clinics and hospitals [74]. CAM 
continues to garner attention in Western medicine and 
throughout the developed world for its perceived natural 
and effective prophylactic, adjunctive, and interventional 
benefits [44,75,76]. The most recent survey on CAM us-
ers in the US by the National Institutes of Health reported 
that nearly 4 out of 10 adults used some type of CAM in 
the past year, and that, of the various types, non-vitamin, 
non-mineral products like Echinacea (37.2% of children 
and 19.8% of adults using non-vitamin, non-mineral 
products) were the most common [76]. A systemic review 
by Posadzki et al. (2013) also found that herbal medi-

producing a similar profile as the vehicle control sam-
ple (Figure 4A). Similarly, although less prominently, 
treatment of PMBCs with AM resulted in shift in the cell 
population leading to the production of TNFα compared 
to the vehicle control (Figure 4B). However, when these 
cells were treated with AM depleted of LPS/lipoproteins, 
no TNFα expression was detected (Figure 4B). These 
findings confirm what our previous studies demonstrat-
ed and support the potential physiological role of LPS/
lipoproteins in stimulating production of IFNγ and TNFα 
in human PMBCs following treatment with AM extracts.

DISCUSSION

The results presented strongly suggest the presence 
of bacterially-derived LPS/lipoproteins in AM root ex-
tracts and that LPS/lipoproteins contribute to purported 
cell activation and stimulation of cytokine expression 
in vitro. Although the majority of studies on Astragalus 
support polysaccharides (APS) and astragalosides as the 
predominant active constituents in AM [30], our results 
demonstrate that LPS/lipoproteins are also likely present 
in medicinally prepared extracts of AM and should be 
considered a probable active component in the immu-
nostimulatory activity of the plant. Validation and confi-
dence in the results obtained from the NFκβ Reporter as-
say was supported in our results where (1) the activation 
of specific bacterial TLRs and NOD receptors (TLR2, 

Figure 4. Activation of human PBMC cells by A. membranaceus. PBMCs were treated with vehicle (25% ethanol), 
AM extract, or AM extract following endotoxin removal at a dose of 10 μg/ml. At the time of harvest, cells were fixed, 
permeabilized, and probed with anti-human IFNγ Part A) or anti-human TNFα Part B). Stained cells were acquired on 
a BD LSR II Fortessa flow cytometer and analyzed using FlowJo software. Vehicle treated cells are shown in gray; AM 
extract treated cells are shown in large dashed lines; AM extracts with endotoxin removed are shown in small dashed 
lines.
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compounds and other mechanisms involved in AM’s 
immunomodulatory activities. Recent research by Mag-
gini et al. (2017) on Echinacea purpurea (L.) found that 
bioactive secondary metabolites produced by normal 
plant-endophyte interactions may be correlated with 
the levels and therapeutic activity of these same bioac-
tive compounds seen in vivo [50]. Many endophytes are 
known to have positive symbiotic relationships with their 
hosts, including the production of secondary compounds 
that aid the plant in its growth, health, and survival [49-
51,86-89]. It is possible that these bioactive compounds, 
in addition to LPS/lipoproteins, could play a role in the 
therapeutic activities of AM in vivo.

Medicinal plants are often difficult to study because 
of subtle variations in plant material and the presence 
of multiple bioactive compounds operating synergisti-
cally or antagonistically in vivo [43,44,50,90]. Previous 
research on Astragalus largely supports APS and AS-IV 
as the primary constituents in AM. AS-IV is even used 
as a vital marker for quality control of plant material in 
Chinese Pharmacopoeia [30]. Despite the vast amount of 
literature, and much like the current body of evidence sur-
rounding Echinacea, there remains conflicting evidence 
as to whether therapeutic immunomodulatory effects of 
AM are anti-inflammatory, immunostimulatory, or a com-
bination of both. In our present study, and in support of 
current LPS/lipoprotein results observed for Echinacea, 
AM LPS/lipoprotein was shown to be proinflammatory 
and to stimulate NFκB pathways via TLR4 and TLR2/6 
and to upregulate TNFα and IFNγ [44,45,50,60,77]. TNFα 
is an acute phase protein that promotes the inflammatory 
response during the innate immune response [91]. IFNγ 
is involved in macrophage activation and upregulation of 
antiviral and antimicrobial effector molecules [91]. Both 
TNFα and IFNγ stimulate the release of nitric oxide from 
macrophages, and together can synergistically induce 
other NF-κB responsive genes [92]. Conversely, AS-IV 
has been shown in multiple studies to be anti-inflammato-
ry and to attenuate LPS-induced inflammatory cytokines 
by inhibiting TLR4 and NFκB [38-42]. Considering the 
complex nature of medicinal plants and the human im-
mune system, it is possible that both anti-inflammatory 
and immunostimulatory mechanisms are at play follow-
ing the administration of AM.

In conclusion, though these studies do not provide 
conclusive proof that LPS/lipoproteins cause the immu-
nostimulatory activity seen following administration of 
Astragalus membranaceus, they strongly support the 
presence of endophytic (or epiphytic) bacteria and LPS/
lipoproteins in medicinally prepared extracts of AM and 
suggests a correlation between the presence of LPS/lipo-
proteins and the activation and mobilization of the innate 
immune system.

cine was the most popular CAM used by patients and 
consumers in the UK during the past decade [75]. Due 
to the increasing popularity of CAM, particularly herbal 
medicine, it is imperative that we better understand the 
constituents and therapeutic mechanisms of these plants 
in order to create proper standards and effective clinical 
protocols.

The results of this study suggest that endophyte/
epiphyte-derived LPS/lipoproteins within AM root are 
probable active constituents responsible for the immu-
nostimulatory effects of Astragalus. Of approximately 
300,000 plant species identified so far on earth, at least 
one species of endophyte has been found in every single 
plant [46-48]. Over the past 20 years, interest in plant-mi-
crobe interactions has been increasing, in part due to the 
use of endophytes as valuable biocontrol agents, includ-
ing the genetic engineering of antipest protein expression 
and biodegradation of soil pollutants [52]. Different 
endophytic species have been found to preferentially in-
habit different plant tissues and tend to vary widely based 
on plant species, age, geography, climate, and season of 
harvest [45,46,52,77]. Diverse rhizobia (endophytes re-
siding in root or stem nodules) belonging to the genera 
Rhizobium, Mesorhizobium, Ensifer, and Bradyrhizobium 
have all been isolated from Astragalus spp. grown in 
different geographic regions throughout Europe, North 
America, and Asia [78-82]. A study by Chen et al. (2015) 
reported isolation of 78 different bacterial strains from 
the root nodules of 12 Astragalus species grown in differ-
ent geographic regions of northwestern China [83]. The 
dried root plant material used in our study was sourced 
from a single origin in China and thus only represents 
one geographic origin; however, most Rhizobia identified 
in Astragalus to date are Gram-negative, non-sporulating 
bacilli that contain LPS/lipoproteins [47,53,83]. There-
fore, it is likely that LPS/lipoproteins would be present 
in extracts prepared from most species of Astragalus, 
regardless of plant origin. Further studies are needed to 
identify the full spectrum of endophytic (and epiphytic) 
bacteria and the LPS/lipoproteins in AM based on plant 
species and geographic origin.

This study emphasizes the probable role of pro-in-
flammatory LPS/lipoproteins from endophytic/epiphytic 
bacteria in the induction of an early acute immune re-
sponse following AM treatment. This supports previous 
research where Pugh et al. (2008) attributed the majority 
of immune enhancing botanicals’ in vitro macrophage 
activating properties to the presence of both LPS and 
bacterial lipoproteins acting through TLR4 and TLR2, 
respectively [43]. In addition, extracts from specific bo-
tanicals, including Angelica sinensis, Ashwaganda, and 
Echinacea purpurea have been shown to have immune 
stimulatory activity linked to plant-associated bacteria 
[44,84-85]. Furthermore, there may be other synergistic 



Koehler et al.: Astragalus membranaceus immune stimulation by lipopolysaccharide 247

Doi:10.1200/jco.2005.03.6392.12. 
13. Cho W, Leung K. In vitro and in vivo anti-tumor effects of 

Astragalus membranaceus. Cancer Lett. 2007;252(1):43-
54. doi:10.1016/j.canlet.2006.12.001.

14. Wu P, Dugoua J, Eyawo O, Mills E. Traditional Chinese 
medicines in the treatment of hepatocellular cancers: a sys-
tematic review and meta-analysis. J Exp Clin Cancer Res. 
2009 Aug 12;28(1):112. Doi:10.1186/1756-9966-28-112.

15. Auyeung K, Han Q, Ko J. Astragalus membranaceus: A 
Review of its Protection Against Inflammation and Gastro-
intestinal Cancers. Am J Chin Med. 2016;44(1):1-22.

16. Fu J, Wang Z, Huang L, et al. Review of the botanical 
characteristics, phytochemistry, and pharmacology of 
Astragalus membranaceus (Huangqi). Phytother Res. 
2014;28(9):1275-1283.

17. Block K, Mead M. Immune System Effects of Echinacea, 
Ginseng, and Astragalus: A Review. Integr Cancer Ther. 
2003;2(3):247-267. doi:10.1177/1534735403256419.

18. Zhang K, Pugliese M, Pugliese A, Passantino A. Biological 
active ingredients of traditional Chinese herb Astragalus 
membranaceus on treatment of diabetes: a systematic 
review. Mini Rev Med Chem. 2015;15(4):315-329.

19. Qi Y, Gao F, Hou L, Wan C. Anti-inflammatory and 
Immunostimulatory Activities of Astragalosides. Am 
J Chin Med. 2017;45(6):1157-1167. doi: 10.1142/
S0192415X1750063X.19. 

20. Wang S, Li J, Huang H, et al. Anti-hepatitis B virus activi-
ties of astragaloside IV isolated from radix Astragali. Biol 
Pharm Bull. Jan 2009;32(1):132-135.

21. Mao S, Cheng K, Zhou Y. Modulatory effect of Astraga-
lus membranaceus on Th1/Th2 cytokine in patients with 
herpes simplex keratitis. Zhongguo Zhong Xi Yi Jie He Za 
Zhi. 2004;24(2):121-123.

22. Sinclair S. Chinese herbs: a clinical review of Astrag-
alus, Ligusticum, and Schizandrae. Alt Med Rev. 1998 
Oct;3(5):338-44.

23. Liu Z, Liu Z, Liu J, Kwong J. Herbal medicines for viral 
myocarditis. Liu ZL, Liu ZJ, Liu JP, Yang M, Kwong 
J. Herbal medicines for viral myocarditis. Cochrane 
Database Syst Rev. 2010 Jul 7;(7):CD003711. doi: 
10.1002/14651858.CD003711.pub3. 

24. Cho W, Leung K. In vitro and in vivo immunomodulat-
ing and immunorestorative effects of Astragalus mem-
branaceus. J Ethnopharmacol. 2007;113(1):132-141. 
doi:10.1016/j.jep.2007.05.020.

25. Denzler K, Waters R, Jacobs B, Rochon Y, Langland J. 
Regulation of Inflammatory Gene Expression in PBMCs 
by Immunostimulatory Botanicals. PLoS ONE. 2010;5(9). 
doi:10.1371/journal.pone.0012561.

26. Denzler K, Moore J, Harrington H, et al. Characteriza-
tion of the Physiological Response following In Vivo 
Administration of Astragalus membranaceus. Evid 
Based Complement Alternat Med. 2016;2016:6861078. 
doi:10.1155/2016/6861078.

27. He C-L, Yi P-F, Fan Q-J, et al. Xiang-Qi-Tang and its 
active components exhibit anti-inflammatory and anti-
coagulant properties by inhibiting MAPK and NF-κB 
signaling pathways in LPS-treated rat cardiac microvascu-
lar endothelial cells. Immunopharmacol Immunotoxicol. 
2012;35(2):215-224. doi:10.3109/08923973.2012.744034.

Financial support: Support for this project was provided 
by internal funding from the Southwest College of 
Naturopathic Medicine.

REFERENCES

1. Gong A, Duan R, Wang H, et al. Evaluation of the Pharma-
ceutical Properties and Value of Astragali Radix. Medi-
cines. 2018;5(2):46. doi:10.3390/medicines5020046.

2. Ding J, Liu Q. Toll-like receptor 4: A promising therapeutic 
target for pneumonia caused by Gram-negative bacteria. 
J Cell Mol Med. 2019;23(9):5868-5875. doi:10.1111/
jcmm.14529.

3. Du C, Choi R, Zheng K, Dong T, Lau D, Tsim K. Yu 
Ping Feng San, an Ancient Chinese Herbal Decoction 
Containing Astragali Radix, Atractylodis Macrocepha-
lae Rhizoma and Saposhnikoviae Radix, Regulates the 
Release of Cytokines in Murine Macrophages. PLoS ONE. 
2013;8(11):e78622. doi:10.1371/journal.pone.0078622.

4. Wu L, Chen Y, Xu Y, Guo X, Li X, Zhang AL, May BH, 
Xue CC, Wen Z, Lin L. Oral huangqi formulae for stable 
chronic obstructive pulmonary disease: a systematic review 
and meta-analysis. Evid Based Complement Alternat Med. 
2013;2013:705315. doi: 10.1155/2013/705315.

5. Zhang L, Gong A, Riaz K, et al. A novel combination of 
four flavonoids derived from Astragali Radix relieves the 
symptoms of cyclophosphamide-induced anemic rats. 
FEBS Open Bio. 2017;7(3):318-323. doi:10.1002/2211-
5463.12146.

6. Yu J, Ji H, Liu A. Alcohol-soluble polysaccharide from 
Astragalus membranaceus: Preparation, characteris-
tics and antitumor activity. Int J Biol Macromol. 2018 
Oct 15;118(Pt B):2057-2064. doi: 10.1016/j.ijbio-
mac.2018.07.073.

7. Zheng Q, Zhu J, Bao X, et al. A Preclinical Systematic 
Review and Meta-Analysis of Astragaloside IV for Myo-
cardial Ischemia/Reperfusion Injury. Front Physiol. 2018;9. 
doi:10.3389/fphys.2018.00795.

8. Ahmed M, Hou S, Battaglia M, et al. Treatment of idio-
pathic membranous nephropathy with the herb Astragalus 
membranaceus. Am J Kidney Dis. Dec 2007;50(6):1028-
1032.

9. Chen X, Wang H, Jiang M, et al. Huangqi (astragalus) 
decoction ameliorates diabetic nephropathy via IRS1-
PI3K-GLUT signaling pathway. Am J Transl Res. 
2018;10(8):2491-2501. Published 2018 Aug 15.

10. Ji L, Chen X, Zhong X, et al. Astragalus membranaceus 
up-regulate Cosmc expression and reverse IgA dys-gly-
cosylation in IgA nephropathy. BMC Complement Altern 
Med. 2014 Jun 18;14:195. doi: 10.1186/1472-6882-14-195.

11. Chen M, May B, Zhou I, Zhang A, Xue C. Integrative 
Medicine for Relief of Nausea and Vomiting in the 
Treatment of Colorectal Cancer Using Oxaliplatin-Based 
Chemotherapy: A Systematic Review and Meta-Analy-
sis. Phytotherapy Research: PTR. 2016;30(5):741-753. 
doi:10.1002/ptr.5586.

12. McCulloch M, See C, Shu X, et al. Astragalus-based 
Chinese herbs and platinum-based chemotherapy for 
advanced non-small-cell lung cancer: meta-analysis of 
randomized trials. J Clin Oncol. 2006 Jan 20;24(3):419-30. 



Koehler et al.: Astragalus membranaceus immune stimulation by lipopolysaccharide248

41. Xin Y, Li G, Liu H, Ai D. AS-IV protects against kidney 
IRI through inhibition of NF-κB activity and PUMA upreg-
ulation. Int J Clin Exp Med. 2015;8(10):18293-18301. 
Published 2015 Oct 15.

42. Zhang WJ, Frei B. Astragaloside IV inhibits NF- κ B 
activation and inflammatory gene expression in LPS-treat-
ed mice. Mediators Inflamm. 2015;2015:274314. 
doi:10.1155/2015/274314.

43. Pugh ND, Tamta H, Balachandran P, et al. The majority 
of in vitro macrophage activation exhibited by extracts of 
some immune enhancing botanicals is due to bacterial lipo-
proteins and lipopolysaccharides. Int Immunopharmacol. 
2008;8(7):1023-1032. doi:10.1016/j.intimp.2008.03.007.

44. Todd DA, Gulledge TV, Britton ER. et al. Ethanolic 
Echinacea purpurea Extracts Contain a Mixture of Cy-
tokine-Suppressive and Cytokine-Inducing Compounds, 
Including Some That Originate from Endophytic Bacteria. 
Plos One. 2015;10(5). doi:10.1371/journal.pone.0124276.

45. Chiellini C. et al. Endophytic and rhizospheric bacterial 
communities isolated from the medicinal plants Echinacea 
purpurea and Echinacea angustifolia. Int Microbiol. 2014 
Sep;17(3):165-74. doi: 10.2436/20.1501.01.219.

46. Strobel G, Daisy B. Bioprospecting for Microbial Endo-
phytes and Their Natural Products. Microbiol Mol Biol 
Rev. 2003;67(4):491-502. doi:10.1128/mmbr.67.4.491-
502.2003.

47. Rosenblueth M, Martínez-Romero E. Bacterial Endophytes 
and Their Interactions with Hosts. Mol Plant Microbe In-
teract. 2006;19(8):827-837. doi:10.1094/mpmi-19-0827.47. 

48. Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN. 
Bacterial endophytes: recent developments and applica-
tions. FEMS Microbiol Lett. 2008;278(1):1-9. doi:10.1111/
j.1574-6968.2007.00918.x.

49. Brader G, Compant S, Mitter B, Trognitz F, Sessitsch A. 
Metabolic potential of endophytic bacteria. Curr Opin Bio-
technol. 2014;27:30-37. doi:10.1016/j.copbio.2013.09.012.

50. Maggini V, Leo MD, Mengoni A, et al. Plant-endophytes 
interaction influences the secondary metabolism in Echi-
nacea purpurea (L.) Moench: an in vitro model. Sci Rep. 
2017;7(1). doi:10.1038/s41598-017-17110-w.

51. Gao H, Li G, Lou HX. Structural Diversity and Biological 
Activities of Novel Secondary Metabolites from Endo-
phytes. Molecules. 2018;23(3):646. Published 2018 Mar 
13. doi:10.3390/molecules23030646.

52. Singh S, Pandey A. Plant-Associated Microbial Endo-
phytes: Promising Source for Bioprospecting. Mining 
of Microbial Wealth and MetaGenomics. 2017:249-265. 
doi:10.1007/978-981-10-5708-3_15.

53. Girard R. Lipopolysaccharides from Legionella and 
Rhizobium stimulate mouse bone marrow granulocytes 
via Toll-like receptor 2. J Cell Sci. 2002;116(2):293-302. 
doi:10.1242/jcs.00212.

54. Wei GH. Characterization of rhizobia isolated from legume 
species within the genera Astragalus and Lespedeza grown 
in the Loess Plateau of China and description of Rhi-
zobium loessense sp. nov. Int J System Evol Microbiol. 
2003;53(5):1575-1583. doi:10.1099/ijs.0.02031-0.

55. Guha M, Mackman N. LPS induction of gene expression 
in human monocytes. Cell Signal. 2001;13(2):85-94. 
doi:10.1016/s0898-6568(00)00149-2.

28. Huang H, Lai S, Wan Q, et al. Astragaloside IV protects 
cardiomyocytes from anoxia/reoxygenation injury by 
upregulating the expression of Hes1 protein. Can J Physiol 
Pharmacol. May 2016;94(5):542-553.

29. Shahzad M, Shabbir A, Wojcikowski K, et al. The Antioxi-
dant Effects of Radix Astragali (Astragalus membranaceus 
and Related Species) in Protecting Tissues from Injury and 
Disease. Curr Drug Targets. 2016;17(12):1331-1340.

30. Guo Z, Lou Y, Kong M, Luo Q, Liu Z, Wu J. A Sys-
tematic Review of Phytochemistry, Pharmacology and 
Pharmacokinetics on Astragali Radix: Implications for 
Astragali Radix as a Personalized Medicine. Int J Mol Sci. 
2019;20(6):1463. Published 2019 Mar 22. doi:10.3390/
ijms20061463.

31. Cho W, Leung K. In vitro and in vivo immunomodulating 
and immunorestorative effects of Astragalus membra-
naceus. J Ethnopharmacol. 2007;113(1):132-141. doi: 
10.1016/j.jep.2007.05.020.

32. Chu D, Wong W, Mavligit G. Immunotherapy with Chi-
nese medicinal herbs. II. Reversal of cyclophosphamide-in-
duced immune suppression by administration of fractionat-
ed Astragalus membranaceus in vivo. J Clin Lab Immunol. 
1988;25:125-9.

33. Shao B-M, Xu W, Dai H, Tu P, Li Z, Gao X-M. A study on 
the immune receptors for polysaccharides from the roots 
of Astragalus membranaceus, a Chinese medicinal herb. 
Biochem Biophys Res Commun. 2004;320(4):1103-1111. 
doi:10.1016/j.bbrc.2004.06.065.

34. Zhang W, Ma W, Zhang J, Song X, Sun W, Fan Y. The 
immunoregulatory activities of astragalus polysaccharide 
liposome on macrophages and dendritic cells. Int J Biol 
Macromol. 2017;105:852-861. doi:10.1016/j.ijbio-
mac.2017.07.108.

35. Du X, Zhao B, Li J, et al. Astragalus polysaccharides 
enhance immune responses of HBV DNA vaccination 
via promoting the dendritic cell maturation and sup-
pressing Treg frequency in mice. Int Immunopharmacol. 
2012;14(4):463-470. doi:10.1016/j.intimp.2012.09.006.

36. Zhao L-H, Ma Z-X, Zhu J, Yu X-H, Weng D-P. Char-
acterization of polysaccharide from Astragalus radix 
as the macrophage stimulator. Cellular Immunology. 
2011;271(2):329-334. doi:10.1016/j.cellimm.2011.07.011.

37. Hu H-D, You C-G, Zhang R-L, Gao P, Wang Z-R. 
Effects of astragalus polysaccharides and astragalosides 
on the phagocytosis of Mycobacterium tuberculosis 
by macrophages. J Int Med Res. 2007;35(1):84-90. 
doi:10.1177/147323000703500108.

38. Li L, Hou X, Xu R, Liu C, Tu M. Research review on the 
pharmacological effects of astragaloside IV. Fundam Clin 
Pharmacol. 2017;31(1):17-36. doi:10.1111/fcp.12232.

39. Yang J, Wang H-X, Zhang Y-J, et al. Astragaloside IV 
attenuates inflammatory cytokines by inhibiting TLR4/NF-
кB signaling pathway in isoproterenol-induced myocardial 
hypertrophy. J Ethnopharmacol. 2013;150(3):1062-1070. 
doi:10.1016/j.jep.2013.10.017.

 40. Zhu J, Wen K. Astragaloside IV inhibits TGF-beta1-in-
duced epithelial-mesenchymal transition through inhibition 
of the PI3K/Akt/NF-kappaB pathway in gastric cancer 
cells. Phytother. Res. 2018;32:1289-1296. doi: 10.1002/
ptr.6057.40. 



Koehler et al.: Astragalus membranaceus immune stimulation by lipopolysaccharide 249

al profiles in peripheral blood mononuclear cells prognos-
tic of clinical outcomes in patients with advanced renal cell 
carcinoma. Clin Cancer Res. 2005;11:1181-9.

72. Aaroe J, Lindahl T, Dumeaux V, et al. Gene expression 
profiling of peripheral blood cells for early detection of 
breast cancer. Breast Cancer Res. 2010;12:R7

73. Chacko BK, Kramer PA, Ravi S, et al. Methods for 
defining distinct bioenergetic profiles in platelets, lym-
phocytes, monocytes, and neutrophils, and the oxidative 
burst from human blood. Lab Invest. 2013;93(6):690-700. 
doi:10.1038/labinvest.2013.53.

74. Chen Z. Speech at the Meeting Commemorating the 50th 
Anniversary of Chairman MAO Ze-dong’s Important 
Instruction on Western Medicine Doctors Learning Tradi-
tional Chinese Medicine. Chin J Int Med. 2009;15(1):3-6. 
doi:10.1007/s11655-009-0003-2.

75. Posadzki P, Watson LK, Alotaibi A, Ernst E. Prevalence of 
use of complementary and alternative medicine (CAM) by 
patients/consumers in the UK: systematic review of sur-
veys. Clin Med (Lond). 2013;13(2):126-131. doi:10.7861/
clinmedicine.13-2-126.

76. Barnes PM, Bloom B, Nahin RL. Complementary and 
alternative medicine use among adults and children: 
United States, 2007. National Health Statistics Reports. 
2008;(12):1-23.

77. Maida I, Chiellini C, Mengoni A, et al. Antagonistic 
interactions between endophytic cultivable bacterial 
communities isolated from the medicinal plant Echinacea 
purpurea. Environ Microbiol. 2015;18(8):2357-2365. 
doi:10.1111/1462-2920.12911.

78. Laguerre G, Berkum PV, Amarger N, Prévost D. Genetic 
Diversity of Rhizobia Isolated from the Legume Gen-
era Astragalus, Oxytropis and Onobrychis. Biological 
Nitrogen Fixation for the 21st Century Current Plant 
Science and Biotechnology in Agriculture. 1998:583-583. 
doi:10.1007/978-94-011-5159-7_366.

79. Li Q, Zhang X, Zou L, Chen Q, Fewer DP, Lindström 
K. Horizontal Gene Transfer and Recombination Shape 
Mesorhizobial Populations in the Gene Center of the Host 
Plants Astragalus Luteolus and Astragalus Ernestiiin Sich-
uan, China. Handbook of Molecular Microbial Ecology I. 
March 2011:49-57. doi:10.1002/9781118010518.ch6.

80. Novikova NI, Pavlova EA, Vorobjev NI, Limeshchenko 
EV. Numerical Taxonomy of Rhizobium Strains from 
Legumes of the Temperate Zone. Int J Sys Bacteriol. 
1994;44(4):734-742. doi:10.1099/00207713-44-4-734.

81. Wdowiak S, Małek W. Numerical Analysis of Astragalus 
cicer Microsymbionts. Curr Microbiol. 2000;41(2):142-
148. doi:10.1007/s002840010108.

82. Zhao CT, Wang ET, Chen WF, Chen WX. Diverse genomic 
species and evidences of symbiotic gene lateral transfer 
detected among the rhizobia associated with Astragalus 
species grown in the temperate regions of China. FEMS 
Microbiol Lett. 2008;286(2):263-273. doi:10.1111/j.1574-
6968.2008.01282.x.

83. Chen W, Sun L, Lu J, Bi L, Wang E, Wei G. Diverse 
nodule bacteria were associated with Astragalus species 
in arid region of northwestern China. J Basic Microbiol. 
2013;55(1):121-128. doi:10.1002/jobm.201300209.

84. Kalpana K, Yap S, Iyengar R, Tsuji M, Kawamura A. 

56. Caroff M, Karibian D, Cavaillon J-M, Haeffner-Cavaillon 
N. Structural and functional analyses of bacterial lipopoly-
saccharides. Microbes and Infection. 2002;4(9):915-926. 
doi:10.1016/s1286-4579(02)01612-x.

57. Freudenberg MA, Tchaptchet S, Keck S. et al. Lipopoly-
saccharide sensing an important factor in the innate im-
mune response to Gram-negative bacterial infections: Ben-
efits and hazards of LPS hypersensitivity. Immunobiology. 
2008;213(3-4):193-203. doi:10.1016/j.imbio.2007.11.008.

58. Kawai T, Akira S. The role of pattern-recognition recep-
tors in innate immunity: update on Toll-like receptors. Nat 
Immunol. 2010;11(5):373-384. doi:10.1038/ni.1863.

59. Javaid, Yasmeen, Choi. Toll-Like Receptors and Relevant 
Emerging Therapeutics with Reference to Delivery Meth-
ods. Pharmaceutics. 2019;11(9):441. doi:10.3390/pharma-
ceutics11090441.

60. Pugh N, Jackson C, Pasco D. Total Bacterial Load within 
Echinacea purpurea, Determined using a New PCR-Based 
Quantification Method, is Correlated with LPS Levels and 
In Vitro Macrophage Activity. Planta Medica. 2012;78(05). 
doi:10.1055/s-0032-1307611.

61. Liu SF, Malik AB. NF-κB activation as a pathological 
mechanism of septic shock and inflammation. Am J Physi-
ol Lung Cell Mol Physiol. 2006;290(4):L622-L645. doi: 
10.1152/ajplung.00477.2005.

62. Kim YK, Shin JS, Nahm MH. NOD-Like Receptors 
in Infection, Immunity, and Diseases. Yonsei Med J. 
2016;57(1):5-14. doi:10.3349/ymj.2016.57.1.5.

63. Zähringer U, Lindner B, Inamura S, Heine H, Alexander C. 
TLR2-promiscuous or specific? A critical re-evaluation of 
a receptor expressing apparent broad specificity. Immuno-
biology. 2008;213:205-224.

64. Bergenhenegouwen JV, Kraneveld AD, Rutten L, Garssen 
J, Vos AP, Hartog A. Lipoproteins attenuate TLR2 and 
TLR4 activation by bacteria and bacterial ligands with 
differences in affinity and kinetics. BMC Immunology. 
2016;17(1). doi:10.1186/s12865-016-0180-x

65. Feuillet V, Medjane S, Mondor I, Demaria O, Pagni PP, 
Galán JE, Flavell RA, Alexopoulou L. Involvement of 
Toll-like receptor 5 in the recognition of flagellated bacte-
ria. Proc Natl Acad Sci USA. 2006;103:12487-12492.

66. Lund J.M, Alexopoulou L, Sato A, Karow M, Adams NC, 
Gale NW, Iwasaki A, Flavell RA. Recognition of sin-
gle-stranded RNA viruses by Toll-like receptor 7. Proc Natl 
Acad Sci USA. 2004;101:5598-5603.

67. Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning 
C, Akira S, Lipford G, Wagner H, Bauer S. Species-specif-
ic recognition of single-stranded RNA via toll-like receptor 
7 and 8. Science. 2004;303:1526-1529.

68. Ashkar AA, Rosenthal KL. Toll-like receptor 9, CpG DNA 
and innate immunity. Curr Mol Med. 2002;2:545-556.

69. Magalhães PO, Lopes AM, Mazzola PG, Rangel-Yagui 
C, Penna TC, Pessoa A Jr. Methods of endotoxin removal 
from biological preparations: a review. J Pharm Pharm Sci. 
2007;10(3):388-404.

70. Basto AP, Morais J, Marcelino E, Leitão A, Santos DM. An 
efficient depyrogenation method for recombinant bacterial 
outer membrane lipoproteins. Prot Expr Purif. 2014;98:10-
17. doi:10.1016/j.pep.2014.02.012

71. Burczynski ME, Twine NC, Dukart G. et al. Transcription-



Koehler et al.: Astragalus membranaceus immune stimulation by lipopolysaccharide250

Cell‐line‐based assay for the toxicity/benefit analysis of 
lipopolysaccharides in plants. Chem Biol Drug Design. 
2019;95(2):311-315. doi:10.1111/cbdd.13646

85. Kalpana K, Montenegro D, Romero G, et al. Abundance 
of Plant-Associated Gammaproteobacteria Correlates with 
Immunostimulatory Activity of Angelica sinensis. Medi-
cines. 2019;6(2):62. doi:10.3390/medicines6020062

86. Braga RM, Dourado MN, Araújo WL. Microbial interac-
tions: ecology in a molecular perspective. Braz J Microbi-
ol. 2016;47:86-98. doi:10.1016/j.bjm.2016.10.005.

87. Tanvir R, Javeed A, Bajwa AG. Endophyte bioprospecting 
in South Asian medicinal plants: an attractive resource 
for biopharmaceuticals. Appl Microbiol Biotechnol. 
2017;101(5):1831-1844. doi:10.1007/s00253-017-8115-x.

88. Newman DJ, Cragg GM. Endophytic and epiphytic 
microbes as “sources” of bioactive agents. Front Chem. 
2015;3:34. doi: 10.3389/fchem.2015.00034.

89. Gunatilaka AA. Natural products from plant-associated 
microorganisms: Distribution, structural diversity, bioac-
tivity, and implications of their occurrence. J Nat Prod. 
2006;69:509-526. doi: 10.1021/np058128n.

90. Karsch-Völk M, Barrett B, Kiefer D, Bauer R, Ardjo-
mand-Woelkart K, Linde K. Echinacea for preventing and 
treating the common cold. Cochrane Database Syst Rev. 
2014;2:CD000530 10.1002/14651858.CD000530.pub3.

91. Spelman K, Burns J, Nichols D, Winterns N, Ottersberg 
S, et al. Modulation of cytokine expression by traditional 
medicines: a review of herbal immunomodulators. Altern 
Med Rev. 2006 Jun;11(2):128-150.

92. Liew FY, Li Y, Millott S. Tumor necrosis factor-alpha syn-
ergizes with IFN-gamma in mediating killing of Leishmani 
major through the induction of nitric oxide. J Immunol. 
1990 Dec 15;145(12):4306-10.


