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Abstract: Astragalosides have been shown to enhance endurance exercise capacity in vivo and
promote muscular hypertrophy in vitro. However, it remains unknown whether astragalosides
supplementation can alter inflammatory response and enhance muscle recovery after damage in
humans. We therefore aimed to evaluate the effect of astragalosides supplementation on muscle’s
intrinsic capacity to regenerate and repair itself after exercise-induced damage. Using a randomized
double-blind placebo-controlled cross-over design, eleven male participants underwent 7 days of
astragalosides supplementation (in total containing 4 mg of astragalosides per day) or a placebo
control, following an eccentric exercise protocol. Serum blood samples and variables related to muscle
function were collected prior to and immediately following the muscle damage protocol and also at
2 h, and 1, 2, 3, 5, and 7 days of the recovery period, to assess the pro-inflammatory cytokine response,
the secretion of muscle regenerative factors, and muscular strength. Astragalosides supplementation
reduced biomarkers of skeletal muscle damage (serum CK, LDH, and Mb), when compared to the
placebo, at 1, 2, and 3 days following the muscle damage protocol. Astragalosides supplementation
suppressed the secretion of IL-6 and TNF-α, whilst increasing the release of IGF-1 during the initial
stages of muscle recovery. Furthermore, following astragaloside supplementation, muscular strength
returned to baseline 2 days earlier than the placebo. Astragalosides supplementation shortens the
duration of inflammation, enhances the regeneration process and restores muscle strength following
eccentric exercise-induced injury.

Keywords: astragalus; inflammatory; muscle damage; muscular strength; delayed-onset muscle
soreness; muscle regeneration; traditional Chinese medicine

1. Introduction

Muscle repair and myogenesis are tightly regulated by a finely controlled inflammatory
response. A transient increase in local inflammatory signaling is now believed to be
an important process of skeletal muscle repair and remodeling [1]. However, chronic
persistence of intramuscular inflammation could potentially lengthen the recovery period,
as well as resulting in maladaptation of the skeletal muscles.

Injured muscle fibers and local inflammatory responses act as stress signals to trigger
pro-myogenic signaling and multiple intracellular signaling cascades, such as IGFs-PI3K-
Akt-mTOR cascade and Raf-MAPK-Erk cascade, during the initial phase of muscle injury.
In addition, Schertzer et al. [2] revealed that local insulin-like growth factors (IGFs) are
up-regulators of these cascades, which increase significantly after muscle injury. Amongst
those IGFs, overexpression of IGF-I accelerates the regenerative process of injured skeletal
muscles. Previous studies suggested that IGF-I activates satellite cells and is involved with
myoblast proliferation and differentiation, ultimately accelerating the regenerative process
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of injured skeletal muscles [3,4]. In contrast, faster clearance of the local pro-inflammatory
cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-α) can reduce local skeletal muscle pain following muscle injuries [5]. Furthermore,
reduced inflammatory response after strenuous exercise and elimination of the accumula-
tion of neutrophils located inside the skeletal muscle vasculature are important indicators
of muscle recovery after exercise [6]. Consequently, avoiding prolonged intramuscular
inflammation can alleviate the symptoms of muscle damage, and thus result in timely
muscle regeneration, with faster restoration of the skeletal muscle-tissue ultrastructure.

The notion that inflammation is a crucial process for muscular repair and regeneration
is now gaining acceptance, and studies have suggested that in addition to intramuscular cy-
tokines, changes in and recovery of muscle force-generating capacity should be considered
as the objective indication of muscle recovery after injury [7,8]. Blood flow to skeletal mus-
cle increases during exercise to match exercise oxygen demand and to remove metabolic
byproducts [9]. However, overload-induced muscle injuries that cause myofilament dis-
ruption, sarcolemma breakdown, and muscle protein leakage could subsequently result
in reduced oxygen saturation inside the skeletal muscle [10]. Several natural compounds
with potent bioactive antioxidant and anti-inflammatory properties are currently used as
nutraceuticals and supplements to maintain skeletal muscle health [11,12].

Astragalus membranaceus is one of the most popular herbal tonics in many Asian
countries. Astragalosides are biologically active substances from the plant Astragalus, that
could protect against CCl4-induced acute liver injury [13], PQ-induced lung injury [14],
or IS-induced kidney injury [15] in mice or rats by ameliorating oxidative stress. Our
previous study revealed that Astragalus membranaceus is a nutritional activator that promotes
myogenesis by stimulating Akt/mTOR signaling in skeletal muscle cell lines [16] and can
stabilize the sarcolemma, as well as preventing exercise-induced fatigue in rodents [17].
Although the wide use of astragalus as an antioxidant and anti-inflammatory agent has been
well demonstrated, no research has been conducted on its efficacy in preventing prolonged
inflammation and muscle repair following eccentric exercise-induced muscle damage.
Furthermore, no studies are available to observe whether astragalosides supplementation
could potentially alter the initial phase of muscle damage and whether this can result in
faster skeletal muscle regeneration and recovery of muscular strength following eccentric
exercise.

For this purpose, we conducted a randomized double-blind placebo-controlled cross-
over study on healthy young men, to investigate the effects of astragalosides on the time
course of skeletal muscle recovery after eccentric exercise-induced injury. We previously
demonstrated the ability of astragalosides to facilitate better myotube regeneration and
skeletal muscle hypertrophy in vitro [16], and therefore hypothesized that astragalosides
supplementation would alter the initial muscle damage response and promote faster
skeletal muscle repair and recovery of muscular strength following eccentric exercise-
induced muscle damage.

2. Materials and Methods
2.1. Subjects

Twelve recreationally active, healthy male adults, with no history of regular resistance
training participated in this study. One subject dropped out during the study because of an
acute back problem. All subjects had no previous sports injuries, were free from metabolic
disorders or diseases, had no history of anabolic steroid use, and had abstained from taking
any thyroid, hyperlipidmeic, hypoglycemic, or androgenic medication, or other purported
anabolic or ergogenic nutritional supplements for two months before beginning the study.
All subjects signed informed consent documents. The study was approved by the Human
Research Ethics Committee of the National Taiwan Sport University (Taoyuan, Taiwan)
and conformed to the declaration of Helsinki.
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2.2. Muscle Damage Protocol

All subjects underwent an eccentric exercise protocol to induce muscle damage in the
quadriceps of one leg. This eccentric exercise protocol consisted of 5 sets of 10 repetitions of
unilateral leg extensions, with a load corresponding to the 120% of the subject’s predicted
one repetition maximum (1 RM); each set was separated by a 3 min rest interval. Each
repetition was completed over 3 s, controlled by the metronome. This protocol has been
previously used to induce delayed-onset muscle soreness (DOMS) [18].

2.3. Convalescence: Astragalosides and Placebo Supplement

Each subject performed the 7-day trial in a randomized order, with the astragalosides
supplementation or placebo-control trial separated by at least 1 week. Astragalosides (in
total 4 mg per day; Sun Ten Pharmaceutical Co., New Taipei, Taiwan) or placebo capsules
were ingested immediately after the muscle damage protocol and consumed in the morning
for 7 days after the exercise. According to the manufacturer, 1.746 to 4.365 mg daily of
bioactive astragalosides, as dry powder, is recommended for use by humans. Placebo
capsules consisted of hydroxypropyl methylcellulose, and subjects could not distinguish
this from the astragalosides.

All subjects were required to keep their diet as constant as possible during the study.
Dietary intake was recorded for 3 days in the week of the intervention program to assess
potential changes in daily food intake that might have occurred during the intervention
period. In the second intervention program, the subjects were instructed to consume the
same compositional diet as in the first intervention, thereby minimizing the impact of
differences in food intake.

2.4. Quantitative Analysis of Astragalosides Dry Powder in Capsules

Astragalosides were purchased as dry powder from Sun Ten pharmaceutical factory
(New Taipei, Taiwan). Internal standards (astragaloside I, II, III, and IV) were purchased
from ChromaDex Inc. (Irvine, CA, USA). Samples and standards were prepared in methanol
and filtered through a 0.45 µm filter, and then injected to HPLC for assay. The injection
volume was 5 µL. The HPLC separation was performed with a Phenomenex Kinetix C18
column (150 × 4.6 mm, 2.6 µm, 100 Å) by gradient elution. The mobile phase consisted of
an initial composition of 5% acetonitrile (HPLC grade, Fairfield, OH, USA) and 95% water
(Milli-Q, Milford, MA, USA), with gradient elution at a flow rate of 0.9 mL/min at 40 ◦C.
Astragalosides analysis was performed by high-performance liquid chromatography with
a charged aerosol detector (HPLC/Corona-CAD).

2.5. Assessment of Muscle Pain

As DOMS may not be felt without mechanical stimulus, standardized stretching or
muscle-contraction protocol is recommended to assess perceived muscle soreness of the
quadriceps [19]. Participants performed 10 repetitions of flexing and extending at the knee,
throughout the entire range of motion, on a seated leg extension machine using a load
corresponding to each subject’s 75% 1 RM. The severity of the quadriceps femoris muscle
pain was monitored by a visual analogue scale (VAS) score after the standardized stimulus
protocol [20]. The VAS was a continuous line of 100 mm on which 0 indicated “no pain”
and 100 represented “extreme pain”.

2.6. Biochemical Analysis

Blood samples were collected at the following intervals: before and after eccentric
exercise, and at 2 hr, and 1, 2, 3, 5, and 7 days of the recovery period. Blood samples were
drawn from the cephalic vein and centrifuged at 1000× g for 10 min at 4 ◦C. Samples
were analyzed for human IGF-I, IGF-II, creatine kinase (CK), lactate dehydrogenase (LDH),
myoglobin (Mb), IL-6, and TNF-α. Serum CK, LDH, and Mb levels were measured by
a DT-60 II analyzer (Johnson & Johnson, Rochester, NY). Serum IGF-I, IGF-II, IL-6, and
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TNF-α were analyzed by enzyme-linked immunosorbent assay (ELISA) (R&D Systems,
Minneapolis, MN, USA), in triplicate.

2.7. Assessment of Muscular Strength

Peak isokinetic torque (PIT) of the knee extensors was measured on an isokinetic
dynamometer (Biodex Medical Systems 3 pro, Biodex Medical Inc., Shirley, NY, USA)
before the muscle damage protocol, and at 1, 2, 3, 5, and 7 days of the recovery period.
After a warm-up, subjects were seated on an isokinetic dynamometer with restraining
straps securing the trunk, pelvis, and thigh. The axis of the knee was aligned with the
central axis of the dynamometer, and the lower extremity was secured to a resistance lever
arm. Before PIT testing, the lower limb was gravity corrected by the dynamometer, and
the range of motion was set between 60◦ and 30◦ (0◦ =horizontal, 90◦ = vertical) of knee
flexion. During testing, subjects were given visual feedback for torque and encouraged to
“kick out” as hard as possible for maximal torque. All tests were performed in triplicate
with a 1 min rest interval between efforts.

2.8. Muscle Oxygenation Monitoring

Muscle oxygenation was monitored immediately after eccentric exercise and at 7 days
of the recovery period. The participants’ left vastus lateralis was noninvasively attached
to the portable PortaMon continuous wave near-infrared spectroscopy (NIRS) system
(Artinis Medical Systems, Zetten, The Netherlands) with two wavelengths, and participants
performed 10 repetitions of flexion and extension of the knee, at 75% 1 RM, to monitor
muscle oxygenation and to calculate the tissue oxygen saturation index (TSI). Muscle
oxygenation was measured by relative changes in micromolar (µmol/L) concentrations
of oxyhemoglobin (O2Hb), deoxyhemoglobin (HHb), and total hemoglobin (tHb) [21].
Emitted near-infrared light of two wavelengths of 760 and 850 nm was mainly absorbed
separately by HbO2 and HHb in small arterioles, capillaries, and venules within the muscle.
With these concentrations, the TSI was calculated. NIRS measurement was reliably used to
assess the changes in local muscle O2 extraction during exercise [22].

2.9. Statistical Analyses

All data are presented as means ± SD. Statistical analysis was performed using SPSS
version 14.0 software (SPSS, Inc., Chicago, IL, USA), with the significance level set at p < 0.05.
Data were analyzed for treatment (astragalosides and placebo) and timepoints (Pre, Post,
2 h, 1, 2, 3, 5, and 7 days) using two-way repeated ANOVA. The data for all biomarkers,
muscle soreness, and muscle strength were analyzed to detect time effects of muscle
repair by using one-way ANOVA. In case of significant F ratios, post hoc comparisons
were performed through Tukey’s HSD test, and the Bonferroni alpha-level correction was
applied to explore the different effects of time under the two treatment conditions.

3. Results
3.1. Subjects’ Characteristics

Table 1 illustrates the subjects’ characteristics for this study.
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Table 1. Subjects’ Characteristics.

Characteristics (n = 11)

Age (year) 23 ± 0.9
Body weight (Kg) 73.4 ± 1.9

Height (m) 1.75 ± 0.02
Body mass index (kg/m2) 24.0 ± 0.7

Leg volume (liters) 7.5 ± 0.3
1RM leg press (kg) 217.7 ± 7.0

1RM leg extension (kg) 120.2 ± 3.4
Astragalosides period Placebo period

Total energy (Kcal) 1987 ± 65 1984 ± 77
Carbohydrate (% of energy) 51.4 ± 2.3 51.6 ± 2.2

Fat (% of energy) 30.8 ± 1.4 30.6 ± 1.3
Protein (% of energy) 17.8 ± 1.2 17.8 ± 1.4

All values are presented as mean ± SD. Abbreviations: 1 RM = subject’s one repetition maximum.

3.2. Astragalosides Quantification

The results of the HPLC/Corona-CAD analysis revealed that the main compounds in
the dry astragalosides powder were astragaloside I, II, III, and IV (Figure 1).
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Figure 1. HPLC/Corona-CAD chromatogram profile of astragalosides in the astragalosides capsules.
The composition of the astragalosides compound in the astragalosides capsules is indicated in the
upper right table.

3.3. Cellular Markers of Muscle Damage

At baseline, all of the cellular markers for muscle damage were similar for astragalo-
sides and placebo trials (all p > 0.05). As expected, serum levels of CK, LDH, and Mb were
elevated significantly in response to eccentric exercise in both trials (p < 0.05, Figure 2A–C),
showing that this eccentric exercise protocol was sufficient to induce destruction of normal
myofibrils. However, astragalosides supplementation resulted in lower CK and Mb levels
from days 1 to 3 following eccentric exercise, when compared to the placebo group, while
astragalosides supplementation resulted in lower LDH activity from days 2 to 3 following
eccentric exercise, when compared to placebo.
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3.4. Muscle Soreness

All subjects experienced an increase in perceived muscle soreness at days 1 and 2 fol-
lowing eccentric exercise, compared with baseline (p < 0.05, Figure 2D). Although perceived
muscle soreness returned to baseline at day 7, astragalosides supplementation reduced
perceived muscle soreness at days 2, 3, and 5 following eccentric exercise, compared with
placebo (interaction between supplementation and time points: p < 0.05).
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Figure 2. Effect of astragalosides supplementation on muscle-damage markers. (A) Serum creatine
kinase (CK) activity; (B) serum lactate dehydrogenase (LDH) activities; (C) serum myoglobin levels;
(D) muscle soreness. The levels of creatine kinase activity, lactate dehydrogenase activity, and
myoglobin were measured before and after eccentric exercise, and at 2 hr, and 1, 2, 3, and 7 days of
the recovery period. The subjects’ severity of quadriceps femoris muscle pain was assessed before
and after eccentric knee-extension exercise, and at 2 h, and 1, 2, 3, 5, and 7 days of the recovery period.
Values are expressed as means ± SD (n =11). * p < 0.05 vs. pre-exercise for the same group. # p < 0.05
vs. placebo for the same time.

3.5. Inflammation Responses and Regeneration Regulatory Factors

Our data revealed that the serum IL-6 and TNF-α concentrations were higher imme-
diately following eccentric exercise (all p < 0.05) and returned to baseline 2–3 days after
eccentric exercise (all p < 0.05; Figure 3A,B). Astragalosides supplementation was associated
with lower serum IL-6 levels at days 1 and 2 after exercise when compared with placebo
(p < 0.05, Figure 3). Similarly, astragalosides supplementation was associated with lower
TNF-α levels than placebo 2 h after eccentric exercise (p < 0.05). Furthermore, following
astragalosides supplementation, both IL-6 and TNF- α returned to baseline one day earlier
than placebo.

Serum IGF-I and IGF-II concentrations were higher following the eccentric exercise
(all p < 0.05, Figure 3C,D). Astragalosides supplementation resulted in higher IGF-I than
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placebo at days 2 and 3, and in lower IGF-II concentration than placebo at days 5 and 7
(p < 0.05).
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Figure 3. Effect of astragalosides supplementation on serum levels of (A) interleukin-6 (IL-6),
(B) tumor necrosis factor-alpha (TNF-α), (C) insulin-like growth factor I (IGF-I), and (D) insulin-like
growth factor II (IGF-II). The levels of IL-6, TNF-α, IGF-I, and IGF-II were measured before and after
eccentric exercise, and at 2 h, 1, 2, 3, 5, and 7 days of the recovery period. Values are expressed as
means ± SD (n = 11). * p < 0.05 vs. pre-exercise for the same group. # p < 0.05 vs. placebo for the
same time.

3.6. Recovery of Muscle Respiratory Capacity

Astragalosides supplementation and placebo resulted in different muscle oxygenation
responses after knee extension exercise at day 7 (p < 0.05, Figure 4). Muscle HHb reached
a plateau at 18 s (the value remained approximately 187 to 193.5 µM·cm) and was higher
following astragalosides supplementation compared with placebo from 1 s to the end of
the exercise at day 7 (Figure 4A). HbO2 declined rapidly from 0 to 18 s during exercise,
displaying a basin from 18 to 30 s (values remained approximately −383 to −390 µM·cm,
Figure 4B). Muscle HHb increased throughout exercise, while HbO2 dropped significantly
after 7 days of astragalosides supplementation. We observed a significant increase in the
final calculated TSI of working muscles after 7 days of astragalosides supplementation
(Figure 4C).

3.7. Recovery of Muscle Function

Significant reduction of maximal isometric quadriceps muscle force was observed
immediately following muscle damage, remaining at the end of day 3 (p < 0.05, Figure 5).
However, astragalosides supplementation resulted in an early recovery of maximal isomet-
ric quadriceps muscle force when compared to placebo at day 5 (p < 0.05, Figure 5).
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Peak isokinetic torque was measured before and after eccentric exercise, and at 2 h, 1, 2, 3, 5, and
7 days of the recovery period. Values are expressed as means ± SD (n = 11). * p < 0.05 vs. pre-exercise
for the same group. # p < 0.05 vs. placebo for the same time. The right panel shows representative
peak isokinetic torque.
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4. Discussion

It has not previously been investigated whether astragalosides supplementation could
potentially alter the duration of the inflammatory response and promote faster skeletal
muscle repair after eccentric exercise. We therefore sought to determine whether astragalo-
sides supplementation can shorten the duration of the inflammatory period and promote
quicker recovery of skeletal muscle and skeletal muscular strength. Five key findings
emerge from this study: following muscle damage, astragalosides supplementation can
(1) rapidly eliminate the accumulation of muscle-damage markers such as serum CK, LDH,
and Mb; (2) shorten the duration of exercise-induced inflammation; (3) promote the release
of muscle regenerative hormone IGF-1; (4) enhance muscle oxygenation in repaired skeletal
muscle; (5) increase the rate of force recovery in damage muscle. These findings agree
with our study hypothesis. Collectively, this study indicates that 7 days of astragalosides
supplementation is an effective way to promote faster recovery of the skeletal muscle
function following eccentric exercise-induced muscle damage.

4.1. Astragalosides Supplementation and Chemical Analysis

From the structural point of view, the difference between isomers I and II lies in
the difference of glycosyl configuration, and the glycosyl junction sites of III and IV are
different. The same mother nucleus and different post glycosylation modifications may
endow the four astragalosides with different physiological activities.

Generally, astragalosides exhibit a wide range of biological activities, such as antiox-
idant and neuroprotective effects and immune regulation [23]. The diversity of glycosyl
configuration and junction sites greatly affects the functions of astragalosides. To date,
previous publications have often focused on astragaloside IV. It has been suggested that its
anti-oxidant, anti-inflammatory, and anti-apoptotic properties are the reasons for neuropro-
tection, liver protection, anti-cancer, and anti-diabetes properties. These pharmacological
effects are associated with multiple signaling pathways, such as the AMPK signaling
pathway, Akt/PDE3B signaling pathway, and Raf-MEK-ERK pathway [24–26]. Mean-
while, comparatively few studies have focused on astragaloside I and astragaloside II.
Astragaloside I stimulates osteoblast differentiation through the Wnt/β-catenin signal-
ing pathway [27], and can also combine levistilide A and calycosin for anti-liver fibrosis
effects [28]. Astragaloside II can promote intestinal epithelial repair and trigger T-cell
activation through activating the mTOR pathway and CD45 protein tyrosine phosphatase,
respectively [29,30]. Unfortunately, Astragaloside III is a neglected substance without
relevant research.

4.2. Astragalosides Supplementation and Muscle Damage Markers

Immediately after the eccentric excise protocol and in the days following (Figure 2),
we observed a sustained increase of CK, LDH, and Mb in both groups, indicating evidence
of acute muscle damage. We successfully illustrated that these markers of muscle damage
were lower up to 3 days after exercise with astragalosides supplementation, compared with
the placebo group. A plausible physiological mechanism could be due to the protective
effects of astragalosides supplementation on muscle tissue to reduce secondary damage
caused by neutrophil and monocyte activity. This would mean that less CK, LDH, and Mb
leaks out in the days after exercise as secondary damage to the tissue is reduced. This is also
the plausible biological mechanism of why muscle soreness (Figure 2D) and inflammation
were lower following astragalosides supplementation (Figure 3A,B). While we cannot
explain why the lactate dehydrogenase activity was slightly above the normal pre-exercise
range, we are confident this was not from the inflammatory response, as all participants
avoided any strength training or high-intensity training for one week prior to participating
in the study.
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4.3. Astragalosides Supplementation and Inflammatory Responses

We observed higher IL-6 and TNF-α secretion immediately after overloaded eccentric
exercise (Figure 3A,B), consistent with previous studies [18,31]. This elevation of pro-
inflammatory markers could represent an early stage of muscle regeneration, and coincide
with an influx of neutrophils and macrophages into the injured skeletal muscle. Subse-
quently, pro-inflammatory cytokines (TNF-α and IL-6) can be suppressed by macrophages
and provoke an anabolic signaling cascade, which is thought to be particularly important
for the outcome of the regeneration process [32,33].

Recent publications have revealed that macrophages play a key role in the early
repair process of skeletal muscles, and contribute to skeletal muscle myogenesis. When
skeletal muscle injury occurs, macrophages transition from an inflammatory phenotype
to a regenerative phenotype for normal muscular repair [34]. During the macrophage
regeneration phase, macrophages secrete high levels of IGF-1 [35] to support myogenesis,
followed by low levels of TNF-α [36], which fosters myogenic differentiation. From our
experimental data (Figure 2B), it can be inferred that astragalosides supplementation may
also be involved in immunoregulation through macrophage activity, as TNF-α levels were
significantly lower 2 h after astragalosides supplementation.

Additionally, we found that astragalosides supplementation greatly suppressed the
release of pro-inflammatory cytokines such as IL-6 and TNF-α, and thus facilitated faster
restoration of skeletal muscular strength following eccentric exercise-induced muscle dam-
age (Figure 5). Based on the previous view that astragalosides are good anti-inflammatory
and immunomodulator regulators [23], we believe that astragalosides play a crucial role
in balancing between pro-inflammatory and anti-inflammatory cytokines to attenuate ex-
cessive inflammatory reaction. Additionally, Wang et al. [37] revealed that astragalosides
have a protective effect on muscle cells, especially astragaloside IV which was shown to
significantly suppress the release of interleukin-8 in diaphragmatic muscle cells.

4.4. Astragalosides Supplementation and Early Stage of Muscular Repair

IGF-I has been shown to regulate differentiation in damaged muscle fibers by acti-
vating myogenic regulatory factors [4,38]. After eccentric exercise, the myofiber and the
satellite cells upregulate the gene expression of IGF-I, resulting in greater production of
IGF-I between 24–72 h post-exercise [38]. Furthermore, endocrine and autocrine as well as
paracrine IGF mechanisms have been shown to mediate muscle development and repair,
an early response critical in the regenerative process [39–41]. In line with this, our results re-
vealed that for both treatments IGF-I in reached its peak value following 48 h post-exercise
(Figure 3C). Our data also revealed that 7 days of astragalosides supplementation resulted
in higher serum IGF-I levels, indicating that astragalosides supplementation may promote
faster skeletal muscle repair after exercise-induced muscle damage. Astragalosides sup-
plementation improves serum IGF-I levels, possibly due to the fact that astragalosides
are an IGF-I activator which can effectively upregulate IGF-1 expression [42]. However,
the presence of astragalosides accelerates the return of serum IGF-II levels to baseline
(Figure 3D, days 5 and 7). In contrast to IGF-I, little is known about how serum IGF-II levels
are regulated during myogenesis. The underlying mechanisms remain unclear, making the
interpretation of this differential phenomenon complex, thus warranting further investiga-
tion. Based on the available evidence, current consensus holds that IGF-II plays a role in the
later stages of myoblast differentiation, while allowing myotube formation [43,44]. Erbay
et al. [45] revealed that the autocrine IGF-II transcription required for skeletal myocyte
differentiation is regulated by mTOR and nutritional amino acids. Indeed, we previously
demonstrated that Astragalus membranaceus is a nutritional activator promoting lean muscle
anabolism through increasing the Akt/mTOR signaling pathway [16]. This may partially
explain why lower IGF-II concentration was observed following astragalosides supplemen-
tation, compared with the placebo, during the later stages of muscular recovery. Our results
implicate a potential role for astragalosides in regulating circulating IGF levels during
skeletal muscle development.
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4.5. Astragalosides Supplementation and Muscle Strength Performance

There is a temporal association between the extent of muscle strength loss after exercise
and the time required for skeletal muscular force to recover to normal. Skeletal muscular
force loss by <20% immediately after eccentric exercise is usually restored within 2–3 days
post-exercise [46,47]. By contrast, when muscular force loss is ~50% immediately after
eccentric exercise, it requires at least 1 week of recovery, and leukocytes accumulate in
the skeletal muscle during the 24 h after exercise, while circulating interleukin levels
increase [48,49]. In line with this, our results for the time course of changes showed that
muscular strength, DOMS, and blood CK, LDH, Mb, and IL-6 levels recovered slowly in
the days after intense eccentric exercise in the placebo group. In contrast, muscle soreness,
biomarkers of muscle damage, and inflammatory response were efficiently restored after
astragalosides supplementation, which could be a plausible explanation for why muscular
strength returned to baseline 2 days earlier than the placebo group following eccentric
exercise (Figure 5).

4.6. Astragalosides Supplementation and Muscle Respiratory Functional Performance

When muscle function does not fully return to normal, the performance of working
muscles declines and manifests as a mismatch between intramuscular oxygen supply and
demand during exercise [10]. We continuously monitored hemodynamic parameters and
the oxygenation response throughout a standardized 30-s exercise protocol, using NIRS
technology. NIRS revealed changes in microvascular concentrations of oxyhemoglobin and
deoxyhemoglobin, reflecting the dynamic balance between muscle oxygen delivery and
extraction in the underlying tissue [50,51]. Moreover, NIRS also calculated tissue oxygen sat-
uration, reflecting the balance between intramuscular oxygen supply and demand [52]. In
the present study, we found a favourable effect of astragalosides supplements on recovery
of damaged muscle. One previous study reported that 16 days of amino acid supplemen-
tion enhanced the muscle oxygenation index of the vastus lateralis in moderate-intensity
exercise testing [53,54]. Xu et al. [55] observed that sarcoplasmic reticulum Ca-ATPase gene
expression in hypoxic-injured cardiomyocytes increased after astragalosides treatment,
indicating a beneficial effect on muscle respiratory capacity. These reports are compatible
with our results indicating that astragalosides supplementation could enhance skeletal
muscle oxygenation and thus promote quicker recovery of the injured skeletal muscles.

5. Conclusions

In conclusion, based on our findings, astragalosides supplementation can be con-
sidered an ergogenic aid that eliminates intracellular accumulation of muscle-damage
biomarkers, and thus shortens the duration of intramuscular inflammation while promot-
ing faster muscle repair processes and the restoration of muscular strength.

Author Contributions: Conceptualization, methodology, investigation, data curation, resources,
visualization, writing—original draft, T.-S.Y.; validation, L.Z.; writing—review and editing, T.-S.Y., T.-
H.L. and M.J.B.; supervision, T.-S.Y. and T.-H.L. All authors contributed extensively to the refinement
of the study protocol. All authors have read and agreed to the published version of the manuscript,
and agree with the order of presentation of the authors.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Human Research Ethics Committee of the National Taiwan Sport
University (protocol code R20091223 and 23 December 2009 of approval).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank all subjects for voluntary participation in the study.



Nutrients 2022, 14, 4339 12 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sciorati, C.; Rigamonti, E.; Manfredi, A.A.; Rovere-Querini, P. Cell death, clearance and immunity in the skeletal muscle. Cell

Death Differ. 2016, 23, 927–937. [CrossRef] [PubMed]
2. Schertzer, J.D.; Lynch, G.S. Comparative evaluation of IGF-I gene transfer and IGF-I protein administration for enhancing skeletal

muscle regeneration after injury. Gene Ther. 2006, 13, 1657–1664. [CrossRef] [PubMed]
3. Jiao, S.; Ren, H.; Li, Y.; Zhou, J.; Duan, C.; Lu, L. Differential regulation of IGF-I and IGF-II gene expression in skeletal muscle

cells. Mol. Cell. Biochem. 2013, 373, 107–113. [CrossRef]
4. Zanou, N.; Gailly, P. Skeletal muscle hypertrophy and regeneration: Interplay between the myogenic regulatory factors (MRFs)

and insulin-like growth factors (IGFs) pathways. Cell. Mol. Life Sci. 2013, 70, 4117–4130. [CrossRef] [PubMed]
5. Fernández-Lázaro, D.; Mielgo-Ayuso, J.; Calvo, J.S.; Martínez, A.C.; García, A.C.; Fernandez-Lazaro, C.I. Modulation of exercise-

induced muscle Damage, Inflammation, and Oxidative Markers by Curcumin Supplementation in a physically active population:
A systematic review. Nutrients 2020, 12, 501. [CrossRef] [PubMed]

6. Dupuy, O.; Douzi, W.; Theurot, D.; Bosquet, L.; Dugué, B. An evidence-based approach for choosing post-exercise recovery
techniques to reduce markers of muscle damage, soreness, fatigue, and inflammation: A systematic review with meta-analysis.
Front. Physiol. 2018, 9, 403. [CrossRef]

7. Paulsen, G.; Mikkelsen, U.R.; Raastad, T.; Peake, J.M. Leucocytes, cytokines and satellite cells: What role do they play in muscle
damage and regeneration following eccentric exercise? Exerc. Immunol. Rev. 2012, 18, 42–97. [PubMed]

8. Peake, J.M.; Neubauer, O.; Gatta, P.A.D.; Nosaka, K. Muscle damage and inflammation during recovery from exercise. J. Appl.
Physiol. 2017, 122, 559–570. [CrossRef] [PubMed]

9. Reid, W.D.; Clarke, T.J.; Wallace, A.M. Respiratory muscle injury: Evidence to date and potential mechanisms. Can. J. Appl.
Physiol. 2001, 26, 356–387. [CrossRef] [PubMed]

10. Dempsey, J.A.; La Gerche, A.; Hull, J.H. Is the healthy respiratory system built just right, overbuilt, or underbuilt to meet the
demands imposed by exercise? J. Appl. Physiol. 2020, 129, 1235–1256. [CrossRef]

11. Owens, D.J.; Twist, C.; Cobley, J.N.; Howatson, G.; Close, G.L. Exercise-induced muscle damage: What is it, what causes it and
what are the nutritional solutions? Eur. J. Sport Sci. 2019, 19, 71–85. [CrossRef] [PubMed]

12. Tanabe, Y.; Fujii, N.; Suzuki, K. Dietary supplementation for attenuating exercise-induced muscle damage and delayed-onset
muscle soreness in humans. Nutrients 2021, 14, 70. [CrossRef] [PubMed]

13. Simeonova, R.; Bratkov, V.M.; Kondeva-Burdina, M.; Vitcheva, V.; Manov, V.; Krasteva, I. Experimental liver protection of
n-butanolic extract of Astragalus monspessulanus L. on carbon tetrachloride model of toxicity in rat. Redox Rep. 2015, 20, 145–153.
[CrossRef] [PubMed]

14. Chen, T.; Wang, R.; Jiang, W.; Wang, H.; Xu, A.; Lu, G.; Ren, Y.; Xu, Y.; Song, Y.; Yong, S.; et al. Protective effect of astragaloside IV
against paraquat-induced lung injury in mice by suppressing Rho signaling. Inflammation 2016, 39, 483–492. [CrossRef] [PubMed]

15. Ji, C.; Luo, Y.; Zou, C.; Huang, L.; Tian, R.; Lu, Z. Effect of astragaloside IV on indoxyl sulfate-induced kidney injury in mice via
attenuation of oxidative stress. BMC Pharmacol. Toxicol. 2018, 19, 53. [CrossRef] [PubMed]

16. Yeh, T.S.; Lei, T.H.; Liu, J.F.; Hsu, M.C. Astragalus membranaceus enhances myotube hypertrophy through PI3K-mediated
Akt/mTOR signaling phosphorylation. Nutrients 2022, 14, 1670. [CrossRef]

17. Yeh, T.S.; Chuang, H.L.; Huang, W.C.; Chen, Y.M.; Huang, C.C.; Hsu, M.C. Astragalus membranaceus improves exercise
performance and ameliorates exercise-induced fatigue in trained mice. Molecules 2014, 19, 2793–2807. [CrossRef] [PubMed]

18. Vardiman, J.P.; Moodie, N.; Siedlik, J.A.; Kudrna, R.A.; Graham, Z.; Gallagher, P. Short-wave diathermy pretreatment and
inflammatory myokine response after high-intensity eccentric exercise. J. Athl. Train. 2015, 50, 612–620. [CrossRef] [PubMed]

19. Philippou, A.; Bogdanis, G.C.; Nevill, A.M.; Maridaki, M. Changes in the angle-force curve of human elbow flexors following
eccentric and isometric exercise. Eur. J. Appl. Physiol. 2004, 93, 237–244. [CrossRef] [PubMed]

20. Delgado, D.A.; Lambert, B.S.; Boutris, N.; McCulloch, P.C.; Robbins, A.B.; Moreno, M.R.; Harris, J.D. Validation of digital visual
analog scale pain scoring with a traditional paper-based visual analog scale in adults. J. Am. Acad. Orthop. Surg. Glob. Res. Rev.
2018, 2, e088. [CrossRef] [PubMed]

21. Nemoto, E.M. Near-infrared spectroscopy (NIRS) of muscle HbO2 and MbO2 desaturation during exercise. Adv. Exp. Med. Biol.
2021, 1269, 83–86. [PubMed]

22. Gurley, K.; Shang, Y.; Yu, G. Noninvasive optical quantification of absolute blood flow, blood oxygenation, and oxygen consump-
tion rate in exercising skeletal muscle. J. Biomed. Opt. 2012, 17, 075010. [PubMed]

23. Qi, Y.; Gao, F.; Hou, L.; Wan, C. Anti-Inflammatory and Immunostimulatory Activities of Astragalosides. Am. J. Chin. Med. 2017,
45, 1157–1167. [CrossRef] [PubMed]

24. Zhang, J.; Wu, C.; Gao, L.; Du, G.; Qin, X. Astragaloside IV derived from Astragalus membranaceus: A research review on the
pharmacological effects. Adv. Pharmacol. 2020, 87, 89–112.

25. Li, L.; Hou, X.; Xu, R.; Liu, C.; Tu, M. Research review on the pharmacological effects of astragaloside IV. Fundam. Clin. Pharmacol.
2017, 31, 17–36. [CrossRef] [PubMed]

26. Ren, S.; Zhang, H.; Mu, Y.; Sun, M.; Liu, P. Pharmacological effects of Astragaloside IV: A literature review. J. Tradit. Chin. Med.
2013, 33, 413–416. [CrossRef]

http://doi.org/10.1038/cdd.2015.171
http://www.ncbi.nlm.nih.gov/pubmed/26868912
http://doi.org/10.1038/sj.gt.3302817
http://www.ncbi.nlm.nih.gov/pubmed/16871234
http://doi.org/10.1007/s11010-012-1479-4
http://doi.org/10.1007/s00018-013-1330-4
http://www.ncbi.nlm.nih.gov/pubmed/23552962
http://doi.org/10.3390/nu12020501
http://www.ncbi.nlm.nih.gov/pubmed/32075287
http://doi.org/10.3389/fphys.2018.00403
http://www.ncbi.nlm.nih.gov/pubmed/22876722
http://doi.org/10.1152/japplphysiol.00971.2016
http://www.ncbi.nlm.nih.gov/pubmed/28035017
http://doi.org/10.1139/h01-023
http://www.ncbi.nlm.nih.gov/pubmed/11487709
http://doi.org/10.1152/japplphysiol.00444.2020
http://doi.org/10.1080/17461391.2018.1505957
http://www.ncbi.nlm.nih.gov/pubmed/30110239
http://doi.org/10.3390/nu14010070
http://www.ncbi.nlm.nih.gov/pubmed/35010943
http://doi.org/10.1179/1351000214Y.0000000115
http://www.ncbi.nlm.nih.gov/pubmed/25396696
http://doi.org/10.1007/s10753-015-0272-4
http://www.ncbi.nlm.nih.gov/pubmed/26452991
http://doi.org/10.1186/s40360-018-0241-2
http://www.ncbi.nlm.nih.gov/pubmed/30176914
http://doi.org/10.3390/nu14081670
http://doi.org/10.3390/molecules19032793
http://www.ncbi.nlm.nih.gov/pubmed/24595275
http://doi.org/10.4085/1062-6050-50.1.12
http://www.ncbi.nlm.nih.gov/pubmed/25844857
http://doi.org/10.1007/s00421-004-1209-z
http://www.ncbi.nlm.nih.gov/pubmed/15293054
http://doi.org/10.5435/JAAOSGlobal-D-17-00088
http://www.ncbi.nlm.nih.gov/pubmed/30211382
http://www.ncbi.nlm.nih.gov/pubmed/33966199
http://www.ncbi.nlm.nih.gov/pubmed/22894482
http://doi.org/10.1142/S0192415X1750063X
http://www.ncbi.nlm.nih.gov/pubmed/28830214
http://doi.org/10.1111/fcp.12232
http://www.ncbi.nlm.nih.gov/pubmed/27567103
http://doi.org/10.1016/S0254-6272(13)60189-2


Nutrients 2022, 14, 4339 13 of 14

27. Cheng, X.; Wei, B.; Sun, L.; Hu, X.; Liang, J.; Chen, Y. Astragaloside I Stimulates Osteoblast Differentiation Through the
Wnt/β-catenin Signaling Pathway. Phytother. Res. 2016, 30, 1680–1688. [CrossRef]

28. Guo, T.; Liu, Z.L.; Zhao, Q.; Zhao, Z.M.; Liu, C.H. A combination of astragaloside I, levistilide A and calycosin exerts anti-liver
fibrosis effects in vitro and in vivo. Acta Pharmacol. Sin. 2018, 39, 1483–1492. [CrossRef]

29. Wan, C.P.; Gao, L.X.; Hou, L.F.; Yang, X.Q.; He, P.L.; Yang, Y.F.; Tang, W.; Yue, J.M.; Li, J.; Zuo, J.P. Astragaloside II triggers T cell
activation through regulation of CD45 protein tyrosine phosphatase activity. Acta Pharmacol. Sin. 2013, 34, 522–530. [CrossRef]

30. Lee, S.Y.; Tsai, W.C.; Lin, J.C.; Ahmetaj-Shala, B.; Huang, S.F.; Chang, W.L.; Chang, T.C. Astragaloside II promotes intestinal
epithelial repair by enhancing L-arginine uptake and activating the mTOR pathway. Sci. Rep. 2017, 7, 12302. [CrossRef]

31. Ross, M.L.; Halson, S.L.; Suzuki, K.; Garnham, A.; Hawley, J.A.; Cameron-Smith, D.; Peake, J.M. Cytokine responses to
carbohydrate ingestion during recovery from exercise-induced muscle injury. J. Interferon Cytokine Res. 2010, 30, 329–337.
[CrossRef]

32. Ciciliot, S.; Schiaffino, S. Regeneration of mammalian skeletal muscle. Basic mechanisms and clinical implications. Curr. Pharm.
Des. 2010, 16, 906–914. [CrossRef] [PubMed]

33. Yoshida, T.; Delafontaine, P. Mechanisms of IGF-1-mediated regulation of skeletal muscle hypertrophy and atrophy. Cells 2020, 9,
1970. [CrossRef]

34. Wosczyna, M.N.; Rando, T.A. A Muscle Stem Cell Support Group: Coordinated Cellular Responses in Muscle Regeneration. Dev.
Cell 2018, 46, 135–143. [CrossRef] [PubMed]

35. Tonkin, J.; Temmerman, L.; Sampson, R.D.; Gallego-Colon, E.; Barberi, L.; Bilbao, D.; Schneider, M.D.; Musarò, A.; Rosenthal, N.
Monocyte/Macrophage-derived IGF-1 Orchestrates Murine Skeletal Muscle Regeneration and Modulates Autocrine Polarization.
Mol. Ther. 2015, 23, 1189–1200. [CrossRef]

36. Saclier, M.; Yacoub-Youssef, H.; Mackey, A.L.; Arnold, L.; Ardjoune, H.; Magnan, M.; Sailhan, F.; Chelly, J.; Pavlath, G.K.; Mounier,
R.; et al. Differentially activated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regeneration.
Stem Cells 2013, 31, 384–396. [CrossRef]

37. Wang, L.; Gu, W.; Shi, Y.; Chen, Y.; Tan, Y. Protective effects of astragaloside IV on IL-8-treated diaphragmatic muscle cells. Exp.
Ther. Med. 2019, 17, 519–524. [CrossRef]

38. McKay, B.R.; O’Reilly, C.E.; Phillips, S.M.; Tarnopolsky, M.A.; Parise, G. Co-expression of IGF-1 family members with myogenic
regulatory factors following acute damaging muscle-lengthening contractions in humans. J. Physiol. 2008, 586, 5549–5560.
[CrossRef]

39. Velloso, C.P. Regulation of muscle mass by growth hormone and IGF-I. Br. J. Pharmacol. 2008, 154, 557–568. [CrossRef]
40. Ahmad, S.S.; Ahmad, K.; Lee, E.J.; Lee, Y.H.; Choi, I. Implications of Insulin-Like Growth Factor-1 in Skeletal Muscle and Various

Diseases. Cells 2020, 9, 1773. [CrossRef]
41. Jarmusch, S.; Baber, L.; Bidlingmaier, M.; Ferrari, U.; Hofmeister, F.; Hintze, S.; Mehaffey, S.; Meinke, P.; Neuerburg, C.; Schoser, B.;

et al. Influence of IGF-I serum concentration on muscular regeneration capacity in patients with sarcopenia. BMC Musculoskelet.
Disord. 2021, 22, 807. [CrossRef]

42. Wu, H.L.; Zhou, H.J. Astragalus membranaceus promote expression of insulin-like growth factor 1 in rat model of olivo-cerebellar
degeneration. Zhongguo Zhong Yao Za Zhi 2007, 32, 242–245. [PubMed]

43. Florini, J.R.; Magri, K.A.; Ewton, D.Z.; James, P.L.; Grindstaff, K.; Rotwein, P.S. “Spontaneous” differentiation of skeletal myoblasts
is dependent upon autocrine secretion of insulin-like growth factor-II. J. Biol. Chem. 1991, 266, 15917–15923. [CrossRef]

44. Levinovitz, A.; Jennische, E.; Oldfors, A.; Edwall, D.; Norstedt, G. Activation of insulin-like growth factor II expression during
skeletal muscle regeneration in the rat: Correlation with myotube formation. Mol. Endocrinol. 1992, 6, 1227–1234.

45. Erbay, E.; Park, I.H.; Nuzzi, P.D.; Schoenherr, C.J.; Chen, J. IGF-II transcription in skeletal myogenesis is controlled by mTOR and
nutrients. J. Cell Biol. 2003, 163, 931–936. [CrossRef]

46. Michaut, A.; Pousson, M.; Millet, G.; Belleville, J.; Van Hoecke, J. Maximal voluntary eccentric, isometric and concentric torque
recovery following a concentric isokinetic exercise. Int. J. Sports Med. 2003, 24, 51–56. [CrossRef]

47. Rhodes, D.; McNaughton, L.; Greig, M. The temporal pattern of recovery in eccentric hamstring strength post-soccer specific
fatigue. Res. Sports Med. 2019, 27, 339–350. [CrossRef] [PubMed]

48. Paulsen, G.; Crameri, R.; Benestad, H.B.; Fjeld, J.G.; Mørkrid, L.; Hallén, J.; Raastad, T. Time course of leukocyte accumulation in
human muscle after eccentric exercise. Med. Sci. Sports Exerc. 2010, 42, 75–85. [CrossRef]

49. Broome, S.; Atiola, R.D.; Braakhuis, A.; Mitchell, C.; Merry, T.L. Mitochondria-targeted antioxidant supplementation does not
affect muscle soreness or recovery of maximal voluntary isometric contraction force following muscle-damaging exercise in
untrained men: A randomised clinical trial. Appl. Physiol. Nutr. Metab. 2022, 47, 762–774. [CrossRef] [PubMed]

50. Jones, S.; Chiesa, S.T.; Chaturvedi, N.; Hughes, A.D. Recent developments in near-infrared spectroscopy (NIRS) for the assessment
of local skeletal muscle microvascular function and capacity to utilise oxygen. Artery Res. 2016, 16, 25–33. [CrossRef] [PubMed]

51. Barstow, T.J. Understanding near infrared spectroscopy and its application to skeletal muscle research. J. Appl. Physiol. 2019, 126,
1360–1376. [CrossRef]

52. Cornelis, N.; Chatzinikolaou, P.; Buys, R.; Fourneau, I.; Claes, J.; Cornelissen, V. The use of near infrared spectroscopy to evaluate
the effect of exercise on peripheral muscle oxygenation in patients with lower extremity artery disease: A systematic review. Eur.
J. Vasc. Endovasc. Surg. 2021, 61, 837–847. [CrossRef]

http://doi.org/10.1002/ptr.5674
http://doi.org/10.1038/aps.2017.175
http://doi.org/10.1038/aps.2012.208
http://doi.org/10.1038/s41598-017-12435-y
http://doi.org/10.1089/jir.2009.0079
http://doi.org/10.2174/138161210790883453
http://www.ncbi.nlm.nih.gov/pubmed/20041823
http://doi.org/10.3390/cells9091970
http://doi.org/10.1016/j.devcel.2018.06.018
http://www.ncbi.nlm.nih.gov/pubmed/30016618
http://doi.org/10.1038/mt.2015.66
http://doi.org/10.1002/stem.1288
http://doi.org/10.3892/etm.2018.6940
http://doi.org/10.1113/jphysiol.2008.160176
http://doi.org/10.1038/bjp.2008.153
http://doi.org/10.3390/cells9081773
http://doi.org/10.1186/s12891-021-04699-3
http://www.ncbi.nlm.nih.gov/pubmed/17432149
http://doi.org/10.1016/S0021-9258(18)98496-6
http://doi.org/10.1083/jcb.200307158
http://doi.org/10.1055/s-2003-37199
http://doi.org/10.1080/15438627.2018.1523168
http://www.ncbi.nlm.nih.gov/pubmed/30296168
http://doi.org/10.1249/MSS.0b013e3181ac7adb
http://doi.org/10.1139/apnm-2021-0767
http://www.ncbi.nlm.nih.gov/pubmed/35201920
http://doi.org/10.1016/j.artres.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27942271
http://doi.org/10.1152/japplphysiol.00166.2018
http://doi.org/10.1016/j.ejvs.2021.02.008


Nutrients 2022, 14, 4339 14 of 14

53. Bailey, S.J.; Blackwell, J.R.; Williams, E.; Vanhatalo, A.; Wylie, L.J.; Winyard, P.G.; Jones, A.M. Two weeks of watermelon juice
supplementation improves nitric oxide bioavailability but not endurance exercise performance in humans. Nitric. Oxide 2016, 59,
10–20. [CrossRef]

54. Theodorou, A.A.; Zinelis, P.T.; Malliou, V.J.; Chatzinikolaou, P.N.; Margaritelis, N.V.; Mandalidis, D.; Geladas, N.D.; Paschalis, V.
Acute L-citrulline supplementation increases nitric oxide bioavailability but not inspiratory muscle oxygenation and respiratory
performance. Nutrients 2021, 13, 3311. [CrossRef] [PubMed]

55. Xu, X.L.; Chen, X.J.; Ji, H.; Li, P.; Bian, Y.Y.; Yang, D.; Xu, J.D.; Bian, Z.P.; Zhang, J.N. Astragaloside IV improved intracellular
calcium handling in hypoxia-reoxygenated cardiomyocytes via the sarcoplasmic reticulum Ca-ATPase. Pharmacology 2008, 81,
325–332. [CrossRef]

http://doi.org/10.1016/j.niox.2016.06.008
http://doi.org/10.3390/nu13103311
http://www.ncbi.nlm.nih.gov/pubmed/34684312
http://doi.org/10.1159/000121335

	Introduction 
	Materials and Methods 
	Subjects 
	Muscle Damage Protocol 
	Convalescence: Astragalosides and Placebo Supplement 
	Quantitative Analysis of Astragalosides Dry Powder in Capsules 
	Assessment of Muscle Pain 
	Biochemical Analysis 
	Assessment of Muscular Strength 
	Muscle Oxygenation Monitoring 
	Statistical Analyses 

	Results 
	Subjects’ Characteristics 
	Astragalosides Quantification 
	Cellular Markers of Muscle Damage 
	Muscle Soreness 
	Inflammation Responses and Regeneration Regulatory Factors 
	Recovery of Muscle Respiratory Capacity 
	Recovery of Muscle Function 

	Discussion 
	Astragalosides Supplementation and Chemical Analysis 
	Astragalosides Supplementation and Muscle Damage Markers 
	Astragalosides Supplementation and Inflammatory Responses 
	Astragalosides Supplementation and Early Stage of Muscular Repair 
	Astragalosides Supplementation and Muscle Strength Performance 
	Astragalosides Supplementation and Muscle Respiratory Functional Performance 

	Conclusions 
	References

