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A B S T R A C T
 
Phenylethanol glycosides (PhGs) constitute crucial bioactive compounds in Cistanche Herba. However, 
their bioavailability is notably low. Research indicates that intestinal flora can metabolize PhGs into small 
polyphenols, enhancing bioavailability and pharmacological activities. In this paper, for the first time, a single 
strain, Beauveria bassiana, was found to be effective in converting PhGs from the crude extract of Cistanche 
tubulosa into small molecule polyphenols like hydroxytyrosol (HT), decaffeoylacteoside (HT-glu-rha), and 
caffeic acid through fermentation. We assessed the impact of pre- and post-fermentation on Propionibacterium 
acnes-induced acne related to a Western diet through in vitro cellular experiments. Both pre- and  
post-fermentation exhibited efficacy in inhibiting inflammation, oxidative stress, and mitochondrial membrane 
damage in P. acnes-induced HaCaT. Moreover, post-fermentation, unlike pre-fermentation, displayed stronger 
and a dose-dependent reduction in insulin-stimulated lipid synthesis in sebaceous gland cells. To further 
understand the increased efficacy of fermentation in inhibiting lipid synthesis, we investigated HT-glu-rha, the 
predominant small molecules produced during fermentation. It was shown that the compound inhibited lipid 
synthesis by decreasing gene expression of sterol regulatory element binding transcription factor 1 (SREBP-1) 
and peroxisome proliferator activated receptor gamma (PPARγ) in sebaceous gland cells.
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neuroprotection[2], immune regulation[3], antiaging[4], anti-osteoporosis[5], 
liver protection[6], etc. Among the PhGs, echinacoside are the most 
abundant and studied compounds in Cistanche tubulosa[7]. However, 
one of the major challenges of using echinacoside as oral drugs is their 
low bioavailability. A previous pharmacokinetic study showed that 
the absolute bioavailability (F, %) of echinacoside was only 0.83%[8]. 
This means that only a small fraction of the ingested echinacoside can 
reach the systemic circulation and exert their pharmacological effects. 
It is well known that prior to being absorbed into blood, many oral 
drugs are transformed by intestinal bacteria in gastrointestinal tract[9]. 
These gut flora play a key role in the digestive process, and some of 
them have the ability to metabolize PhGs into smaller compounds 
that are more easily absorbed[10]. For instance, echinacoside, when 
metabolized by intestinal bacteria, breaks down into smaller 
compounds such as hydroxytyrosol (HT), caffeic acid, verbascoside, 
and decaffeoylacteoside (HT-glu-rha)[11]. These metabolites exhibit 

1.  Introduction

Cistanche Herba is a parasitic plant thriving in arid regions across 
Asia and Africa. With a long history in traditional Chinese medicine, 
it has served as a tonic and aphrodisiac for centuries. This herb is 
widely embraced as a health food supplement in Japan, China, and 
several Southeast Asian nations[1].

Cistanche Herba and its phenylethanol glycosides (PhGs) have 
been reported to exhibit various pharmacological effects, such as 
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enhanced biological activity compared and bioavailability to their 
parent compounds[12]. This could elucidate why echinacoside presents 
low F but demonstrates notable biological activity. Therefore, in vitro 
microbial transformation of PhGs to improve their bioavailability and 
pharmacological activity deserves further study.

Fermented foods or medicinal materials have higher efficacy and 
utilization than unfermented ones. Fermentation can deglycosylate 
some glycosidic compounds, making them into smaller, more 
absorbable, and more permeable non-glycosidic compounds[13]. For 
instance, lactic acid bacteria (Lactiplantibacillus plantarum) has the 
capacity to transform relatively less biologically active flavonoid 
glycosides such as hesperidin and naringin into more active aglycones, 
namely hesperetin and naringenin. Both in vitro and in vivo studies have 
demonstrated the enhanced cellular transport and increased bioactivity 
of the fermented citrus extract[14].

Beauveria bassiana is a medicinal fungus that grows on silkworm 
carcasses. For centuries, infected silkworms have been utilized in Asian 
medicine as a tonic and immunomodulator, and was described in 
“Sheng Nong’s herbal classic”[15]. B. bassiana is generally considered 
safe for humans, animals, and other non-target organisms[16] and 
performs efficient biotransformation of natural compounds and 
xenobiotics[17]. Recent human exposure risk assessments of some of 
its metabolites have further confirmed its safety for human use[18]. A 
blend of plant extracts underwent fermentation by B. bassiana and 
was evaluated for its impact on chicken embryo blood vessels. The 
fermentation process transformed glucogallin into gallic acid within 
the mixture, resulting in reduced toxicity and enhanced antiangiogenic 
properties[19].

In this study, we found for the first time that a single strain of  
B. bassiana can biotransform PhGs into small molecule polyphenols, 
whereas most of the previous studies have focused on the transformation 
of PhGs in intestinal flora. Moreover, the transformation of B. bassiana 
is similar to the metabolites produced by PhGs in human metabolism 
and intestinal flora, and has the potential for large-scale fermentation 
production. We used the fermentation product in the treatment of acne 
and showed good therapeutic potential in vitro. It provides a theoretical 
basis for the use of Cistanche herbs in beauty and skin care.

2. Materials and methods

2.1 Materials and chemicals

The crude extract from C. tubulosa was provided by Prof. 
Pengfei Tu of Peking University (Beijing, China). The extraction 
and purification process are broadly as follows: 50 g of the sample 
was weighed and reflux extracted twice, each for 1 h, with 600 mL 
of 70% ethanol. Dynamic adsorption was performed using HPD-100 
resin, and the sample was eluted with a 50% ethanol solution. After 
recovering the ethanol under reduced pressure, the dried powder 
was obtained by freeze-drying using a freeze-dryer. HT, caffeic acid, 
verbascoside, isoacteoside and HT-glu-rha, all with the purity of 
over 98% were purchased from Chengdu Push Bio-technology Co., 
Ltd. (Sichuan, China). B. bassiana were obtained from China Center 
of Industrial Culture Collection CICC (Beijing, China). Insulin was 
procured from Solarbio Life Sciences (Beijing, China), and Cell 
Counting Kit-8 (CCK-8) was obtained from Vazyme (Nanjing, China).

2.2 Fermentation and sample collection

Inoculate the B. bassiana into Shah’s glucose liquid medium 
under aseptic condition, and cultivate it under 28 ℃ condition with 
200 r/min shaking bed for 2 days to make the first-grade seeds, and 
the OD600 nm value of the optical density of B. bassiana suspension at 
the end of the cultivation reaches about 0.8; Secondary seed culture: 
according to the volume ratio of Shah’s glucose liquid medium 
for 10% of the inoculum, the first level of seed inoculation into the  
200 mL conical flask at 28 ℃, stirring speed of 200 r/min, culture for  
2 days, to produce the second level of seed. Put 0.3 g crude extract from 
C. tubulosa into 200 mL secondary seed liquid, and incubate at 28 ℃ 
with stirring speed of 200 r/min. Among these, BJJ (B. bassiana alone for 
12 days in medium without crude extract), BJJF (B. bassiana in medium 
containing crude extract for 12 days), and PHG (crude extract dissolved 
in medium without B. bassiana).

2.3 Qualitative liquid chromatography-mass spectrometry 
(LC-MS/MS) analysis

The compounds in the crude extracts before and after fermentation 
were characterized using a Waters ACQUITY UPLC I-CLASS  
Plus/Xeve G2-XS Q TOF instrument. This instrument incorporated a 
Waters ACQUITY UPLC BEH-C18 column (2.1 mm × 100 mm, 1.8 μm) 
and a mobile phase consisting of 2 constituents: 0.1% formic acid (FA) 
in water (A) and 0.1% FA in acetonitrile (ACN) (B). Operating at a flow 
rate of 0.3 mL/min, the column was maintained at a temperature of 
40 °C, while the sample chamber temperature was regulated at 4 °C. 
Samples were detected by absorption with a wavelength range of 
190−400 nm, with an inject volume of 5 μL.

The mobile phase was programmed as follows: an isocratic elution 
of 2%−4% B for the first 5 min, followed by a linear gradient elution of 
4%−13% B from 5 to 8.5 min, 13%−18% B from 8.5 to 10 min, 18% B 
from 10 to 12 min, 18%−40% B from 12 to 15 min, 40%−100% B from 
15 to 15.5 min. After holding the solvent composition of 100% B for 
the next 2 min, the gradient was returned to its starting conditions.

Mass spectrometry analysis was performed using two ionization 
modes: electron source ionization (ESI+) and electron capture source 
ionization (ESI–). A source voltage of 3.0 kV and a source temperature 
of 450 °C were applied to generate ions in both modes. An acquisition 
mass range of 50−1 200 Da was utilized. A cone voltage of 50 L/h  
and an acquisition time of around one second per spectrum 
were employed during the analysis. After the data acquisition 
using Q-TOF, the raw data were imported and processed (peak 
alignment, detection and identification) using the MSDIAL 
software system. The software determined the retention time and 
m/z data for each peak.

2.4 Quantitative LC-ultraviolet detection (UV) analysis

LC experiments were conducted using a Shimadzu (Kyoto, 
Japan) HPLC system consisting of an LC-20ADXR binary pump, an  
SIL-20ACXR autosampler, a CTO-10AS VP column oven and an 
SPD-20A. Chromatographic separation of analytes was achieved 
using a DIKMA Diamonsil C18 (4.6 mm × 250 mm, 5 μm) analytical 
column (DIKMA, Beijing, China). The column and autosampler tray 
temperatures were set at 30 and 4 ℃, respectively.
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A mobile phase composed of eluent A (0.1% FA in water, V/V) 
and B (ACN) with a gradient elution was employed for the separation. 
The mobile phase was programmed as follows: an isocratic elution of 
2%−4% B for the first 15 min, followed by a linear gradient elution of 
4%−13% B from 15 to 25 min, 13%−18% B from 25 to 30 min, 18% B from 
30 to 44 min, 18%−40% B from 44 to 53 min, 40%−100% B from 53 
to 53.01 min. After holding the solvent composition of 100% B for 
the next 3 min, the gradient was returned to its starting conditions. The 
flow rate was 1.0 mL/min, and samples were detected by absorption at 
280 and 330 nm, with an inject volume of 20 μL.

2.5 Cell culture

The immortalized human sebaceous (Yansheng Industrial 
Co., Ltd., Shanghai, China) gland cell line (Sebocytes) was used. 
Human keratinocytes (HaCaT) were obtained from Meisen Cell 
Technology Co., Ltd. Sebocytes and HaCaT cells were incubated 
in complete Dulbecco’s modified Eagle’s medium (DMEM; 
Meisen Cell Technology Co., Hangzhou, China) containing 100 U/mL 
penicillin, streptomycin (100 μg/mL), and 10% fetal bovine serum 
(FBS, TransGen Biotech, Beijing, China). 

2.6 Cell viability assay

Cell viability was assessed through a standard CCK-8 assay 
(Vazyme). Sebocytes and HaCaT cells were subjected to drug treatment 
post-adherence to the dish bottom. Following a 24-h incubation, 10% 
CCK-8 reagent was introduced into each well. After 2 h of incubation 
at 37 °C, the optical density was gauged at a wavelength of 450 nm 
using a SpectraMax 190 plate reader (Molecular Devices Corporation, 
CA, USA). The outcomes were expressed as relative to the control.

2.7 Nile red staining

Sebocytes were treated with Nile red to visualize intracellular lipid 
deposition. Post Nile red staining for 10 min, along with DAPI staining 
for cell nuclei, the stained cells were examined using a fluorescence 
microscope (MShot, Wuhan, China). Additionally, Sebocytes were  
suspended in 500 μL Dulbecco’s phosphate-buffered saline (DPBS, 
Sigma-Aldrich, Shanghai, PR China), and their fluorescence intensity 
was measured using a flow cytometer (FACScalibur, Becton 
Dickinson, San Josè, CA, USA). 

2.8 Microbial cultivation

Propionibacterium acnes (ATCC 6919) was procured from 
the China Industrial Culture Preservation Centre (Beijing, China). 
P. acnes was cultured anaerobically in solid and liquid fortified 

Clostridium difficile medium (Hopebiol, Shandong, China) at 37 °C 
for 72 h. This suspension was heat-treated at 80 °C, and the resulting 
heat-killed bacteria were employed in a previously documented 
stimulation experiment[20]. The collected bacterial pellet was eventually 
suspended in serum-free medium, achieving a bacterial concentration 
of 1.2 × 109 CFU/mL. 

2.9 Intracellular reactive oxygen species (ROS) detection 
assay intracellular

ROS levels were assessed using 2′,7′-dichlorodihydrofluorescein 
diacetate (DCFH-DA) (Beyotime, Shanghai, China). DCFH-DA at  
5 μmol/L was added to each well and incubated at 37 °C for 0.5 h. 
The cells were then washed with DPBS (Sigma-Aldrich), suspended, 
and analyzed using a CytoFLEX Flow cytometer. 

2.10 Mitochondrial membrane potential assay

The mitochondrial membrane potential was assessed with the 
fluorescent probe JC-1 (Beyotime). JC-1 generates red fluorescence in 
mitochondria with normal membrane potentials by forming aggregates. 
Conversely, in damaged or depolarized mitochondria, JC-1 forms 
monomers that emit green fluorescence. Cells were exposed to DMEM 
containing 5 μmol/L JC-1 for 15 min at 37 °C, and subsequent imaging 
was conducted using a fluorescence microscope (MShot).

2.11 Real‐time reverse transcriptase‐polymerase chain reaction

Total ribonucleic acid (RNA) was extracted from cells employing 
RNA-easy Isolation Reagent (Vazyme). Subsequently, RNA was  
reverse transcribed to complementary DNA (cDNA) using the HiScript 
III 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme). For  
quantitative polymerase chain reaction (qPCR), ChamQ Universal 
SYBR qPCR Master Mix (Vazyme) containing a fluorescent dye was 
utilized. The RT-qPCR analysis was conducted on a real-time PCR 
Detection system (Bioer, Hangzhou, China). All primer sequences 
were sourced from GenScript (Nanjing, China). 

3.  Result

3.1 Characterization of the chemical compounds in PHG and 
the metabolites in BJJF

The UPLC-Q-TOF-MS system was utilized to identify the 
chemical constituents in both PHG and BJJF (Figs. 1A-B). Referring 
to a previous study[21], we identified a total of 38 compounds, with 30 
of them being PhGs (Table 1). Specifically, we noted 6 compounds 
in BJJF (dehydrogenated decaffeoylacteoside, HT, HT-glu-rha, 

Table 1 
Sequences of primers.

Genes Forward primer (5′–3′) Reveres primer (5′–3′)
β-Actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA
PPARγ GCCAAGCTGCTCCAGAAAAT TGATCACCTGCAGTAGCTGCA

SREBP-1 GGAGCCATGGATTGCACTTT TCAAATAGGCCAGGGAAGTCA
IL-6 GCAGAAAACAACCTGAACCTT ACCTCAAACTCCAAAAGACCA

IL-1α CAATTGTATGGACTGCCCAAG ATAGTTCTTAGTGCCGTGAGTT
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caffeic acid sulfate conjugation, caffeic acid, and hydroxylated 
verbascoside) frequently documented in research on PhGs metabolism 
in vivo. These compounds originate from the parent compound 
through processes such as hydroxylation, sulfonation, or ester bond 
breaking. Additionally, we observed a parent ion at m/z 655.187 3 
and secondary ion fragments at m/z 461.166 6 and 179.035 0. These 
ions are probably to represent a double-hydroxylated compound of 
verbascoside (m/z 623.201 8), which has not been previously found 
in literature or CAS SciFinder, potentially indicating a new class 
of compounds. The introduction of additional hydroxyl groups is 
a common strategy employed by nature to enhance the stability, 
solubility, and biological activities of these aromatic compounds[22]. 
For instance, oxidized resveratrol demonstrates enhanced 
pharmacological activities compared to resveratrol in areas such as 
tyrosinase inhibition[23], anti-glycosylation[24], and anti-tumor effects[25]. 
Furthermore, we observed increased peak areas of small molecule 
PhGs like cistanoside G, cistanoside I, cistanoside F, and cistanoside H 
following fermentation. In positive ionization mode, we identified 
2 specific metabolites of B. bassiana—oosporein and beauvericin, 
which exhibits antioxidant[26] and antibacterial properties[27].
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3.2 Analysis of metabolic pathways and the contents of 
compounds in the BJJF

The results from our sampling at different time points to analyze 
substance content in the samples are presented in Table 2. In the 
initial fermentation stage, spanning from 0 to 6 days, we observed the 
conversion of echinacoside into verbascoside, indicating the presence 
of robust glucosidase in the culture broth. Simultaneously, a fraction 
of verbascoside and isoacteoside transformed into HT-glu-rha and caffeic 
acid. In the later stage, from 6 to 12 days, verbascoside underwent 
partial hydroxylation and partial transformation into HT-glu-rha 
and caffeic acid (Fig. 1C). The unequal presence of HT-glu-rha and 
caffeic acid is due to the sulfation of caffeic acid in one portion, 
possibly accompanied by partial oxidation during fermentation. The 
fermentation progression is illustrated in Fig. 2.

3.3 Effects of PHG and BJJF on P. acnes-stimulated HaCaT cells

HaCaT cell viability was assessed using CCK8 after 24 h of 
incubation with either PHG or BJJF. The increased dosage of  
PHG/BJJF (0.5%−2%, V/V) didn’t result in significant changes (Fig. 3A). 

Fig. 1 Total ion chromatograms and UPLC chromatogram at UV 280 nm of PHG (A) and BJJF (B). (C) HPLC chromatograms of B. bassiana fermentation crude 
extract at different time points. In the mixed standard solution, the components are labeled as follows: a, HT-glu-rha; b, caffeic acid; c, echinacoside;  

d, verbascoside; e, isoacteoside.
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Table 2
Compounds detected in PHG and BJJF by UPLC-Q-TOF-MS.

No. Compounds Retention time 
(min) Ion mode m/z Molecular 

formula Error (×10–6) MS/MS fragments (m/z)
Peak area

PHG BJJF
1 Kankansose 1.23 [M−H]− 649.193 0 C27H38O18 −8.47 305.083 4, 135.046 0 8.2 × 103 5.0 × 105

2 Dehydrogenated 
decaffeoylacteoside 3.45 [M−H]− 459.149 9 C20H28O12 −1.96 151.040 6 1.0 × 106 6.0 × 106

3 HT 4.67 [M−H]− 153.055 5 C8H10O3 −1.31 123.044 9 0.0 3.8 × 106

4 6-Deoxycatalpol 7.47 [M−H]− 345.118 9 C15H22O9 −0.58 345.118 3, 299.113 3 8.2 × 107 1.8 × 105

5 HT-glu-rha 7.47 [M−H]− 461.169 6 C20H30O12 8.02 315.108 9, 153.060 4 8.5 × 106 3.1 × 108

6 Cistantubulose A1 7.54 [M−H]− 649.198 3 C27H38O18 −0.31 649.198 5, 623.220 2, 537.181 2, 335.089 6, 
179.036 0 2.2 × 108 1.8 × 106

7 Adoxosidic acid 7.71 [M−H]− 375.129 8 C16H24O10 0.27 213.076 8 8.5 × 107 1.1 × 106

8 Caffeic acid sulfate 
conjugation 8.00 [M−H]− 258.992 6 C9H8O7S 3.09 167.035 1, 135.045 1 2.6 × 105 3.6 × 108

9 Androsin 8.34 [M−H]− 327.107 8 C15H20O8 −2.14 251.055 4, 179.034 9, 131.070 9 1.3 × 106 9.3 × 104

10 Caffeic acid 8.41 [M−H]− 179.036 1 C9H8O4 6.14 134.037 2 1.1 × 107 2.2 × 108

11 Cistanoside G 8.46 [M−H]− 445.171 3 C20H30O11 −0.45 375.130 7, 195.068 5 1.2 × 107 1.9 × 107

12 Cistanoside I 8.93 [M−H]− 471.150 7 C21H28O12 −0.21 369.110 4, 163.038 8 1.3 × 106 7.8 × 106

13 Cistantubuloside C1 9.70 [M−H]− 801.245 1 C35H46O21 −1.00 251.055 7, 195.065 6 1.8 × 108 1.8 × 106

14 Hydroxylated 
verbascoside 10.46 [M−H]− 639.193 1 C29H36O16 0.00 495.150 4, 179.035 0 1.0 × 108 8.6 × 107

15 Campneoside II 10.51 [M−H]− 639.192 9 C29H36O16 −0.31 621.182 7, 461.165 9, 161.025 0 1.0 × 108 9.2 × 107

16 Echinacoside 10.58 [M−H]− 785.250 7 C35H46O20 −0.38 785.250 7, 623.215 8, 153.091 7 1.4 × 108 8.4 × 105

17 Cistanoside F 10.68 [M−H]− 487.145 8 C21H28O13 0.21 179.036 8, 135.045 2 1.0 × 105 3.2 × 107

18 Dihydroxylated 
verbascoside 10.75 [M−H]− 655.187 3 C29H36O17 −1.07 487.145 9, 461.166 6, 179.035 0 6.9 × 105 6.7 × 108

19 Kankanosides K1/K2 11.09 [M−H]− 815.261 0 C36H48O21 −0.61 499.181 5, 197.795 3 2.0 × 107 2.1 × 106

20 Dihydroxylated 
verbascoside 11.22 [M−H]− 655.187 4 C29H36O17 −0.92 487.145 5, 323.077 4, 179.035 0 2.1 × 105 5.1 × 108

21 Kankanoside N 11.56 [M−H]− 345.155 1 C16 H26 O8 −1.16 113.023 4 4.9 × 106 7.6 × 104

22 Crenatoside 11.97 [M−H]− 621.182 4 C29H34O15 −0.16 461.166 7, 179.034 9 1.5 × 107 1.7 × 107

23 erbascoside 11.97 [M−H]− 623.201 8 C29H36O15 5.94 469.136 6, 461.166 7, 315.1079, 161.024 5 2.8 × 107 3.8 × 108

24 Kankanoside A 11.97 [M−H]− 345.155 4 C16H26O8 −0.29 179.034 9 1.9 × 107 9.1 × 104

25 Isoacteoside 12.73 [M−H]− 623.200 8 C29H36O15 4.33 461.166 2, 161.024 3 2.6 × 107 1.7 × 106

26 Cistanoside H 12.80 [M−H]− 503.177 8 C22H32O13 1.59 461.164 8, 375.136 1, 315.081 8 9.2 × 103 5.7 × 106

27 Tubuloside A 12.85 [M−H]− 827.259 6 C37H48O21 −2.30 623.197 8, 621.182 1, 469.133 2, 161.024 3 8.3 × 106 4.2 × 104

28 Campneoside 13.43 [M−H]− 653.209 2 C30H38O16 0.77 461.167 3, 443.155 6, 145.029 6 4.4 × 105 1.3 × 107

29 Isocistanoside C 13.79 [M−H]− 637.213 7 C30H38O15 −0.16 179.034 7, 161.024 2 3.7 × 107 7.8 × 106

30 Isosyringalide 3´-α-L-
rhamnopyranoside 13.90 [M−H]− 607.202 9 C29H36O14 −0.49 461.164 5, 315.091 1, 145.031 4 1.1 × 107 3.8 × 106

31 Tubuloside B 14.02 [M−H]− 665.210 0 C31H38O16 1.95 503.176 5, 305.067 0, 161.024 2 8.1 × 107 1.4 × 108

32 Plantainoside C 14.26 [M−H]− 637.212 0 C30H38O15 −2.82 445.151 6, 145.029 1 2.5 × 106 1.1 × 106

33 2´-Acetylacteosid 14.43 [M−H]− 665.208 4 C31H38O16 −0.45 503.176 3, 161.024 2 7.2 × 107 4.3 × 106

34 SalsasideF 14.55 [M−H]− 649.213 1 C31H38O15 −1.08 503.175 4, 347.167 0, 161.024 3 3.4 × 106 2.2 × 107

35 Osmanthuside B6 15.13 [M−H]− 591.208 0 C29H36O13 −0.51 161.023 7 3.9 × 106 1.9 × 107

36 Eutigoside A 16.13 [M−H]− 445.153 4 C23H26O9 6.74 145.030 5, 163.041 6 3.3 × 106 7.9 × 105

37 Oosporein 1.52 [M+Na]+ 329.029 6 C14H10O8 8.51 254.024 9 0.0 2.0 × 104

38 Beauvericin 10.63 [M+K]+ 822.372 3 C45H57N3O9 −0.36 663.306 0, 262.149 9, 245.137 0, 244.130 6, 
134.096 5 0.0 1.4 × 104

Table 3 
Contents (μg/mL) of compounds and metabolites in BJJF with B. bassiana at different time points (n = 5).

Conmpound
 Time (day)

0 2 4 6 10 11 12
HT-glu-rha < Limit of detection (LOD) < LOD 11.313 ± 0.748 15.239 ± 0.896 27.524 ± 2.371 53.150 ± 3.278 75.030 ± 2.393
Caffeic acid < LOD < LOD < LOD < LOD < LOD 5.395 ± 0.609 8.104 ± 0.176

Echinacoside 346.389 ± 12.915 251.963 ± 11.096 97.738 ± 10.954 < LOD < LOD < LOD < LOD
Verbascoside 32.559 ± 1.186 120.310 ± 8.067 246.452 ± 17.087 316.568 ± 15.073 307.057 ± 9.294 228.559 ± 3.194 158.846 ± 3.545
Isoacteoside 14.256 ± 0.614 15.797 ± 0.580 13.985 ± 0.446 10.585 ± 0.896 < LOD < LOD < LOD
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Fig. 2 Clarifications on the metabolic pathways of echinacoside, verbascoside, and isoacteoside.
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P. acnes plays a key role in acne’s development, initiating 
inflammation by triggering ROS production and releasing 
inflammatory cytokines[28]. HaCaT cells were cultured in 6-well plates 
and treated with PHG or BJJF, with or without P. acnes, for 24 h. 
Figs. 3B-C illustrate that both PHG and BJJF at dosages of 0.5%−1% (V/V) 
reduced the gene expression of P. acnes-induced inflammatory factors 
interleukin-1α (IL-1α) and interleukin-6 (IL-6) in a dose-dependent 
manner. Notably, the 0.25%−0.5%  dose of BJJF was more 
effective than the 0.25%−0.5% dose of PHG in inhibiting IL-1α 
gene expression. Analyses of green fluorescence intensity via flow 
cytometry showed that both PHG and BJJF reduced ROS 
production in P. acnes-stimulated HaCaT cells. BJJF exhibited 
superior performance in reducing ROS at all doses, notably at 1% 
(Fig. 3D). Moreover, JC-1 staining indicated that both PHG and BJJF 
prevented the decline in mitochondrial membrane potential induced 
by P. acnes (Fig.  3E).

3.4 Effects of BJJ and HT-glu-rha on P. acnes-stimulated 
HaCaT cells

The increased dosage of BJJ (0.25%−1%, V/V) did not result in 
significant changes in cell viability, as measured by CCK8, after 24 h 
of incubation with HaCaT cells (Fig. 4A). In HaCaT cells stimulated 
by P. acnes, there was a tendency for ROS production and the 
expression of IL-1α and IL-6 genes to decrease with increasing BJJ 
concentration, although this decrease was not statistically significant 
(Figs. 4B-D). The cell viability of HaCaT was unaffected by 0.75−12 μg/mL 
of HT-glu-rha (Fig. 4E). HT-glu-rha dose-dependently reduced ROS 
production, as well as IL-1α and IL-6 gene expression in HaCaT cells 
stimulated by P. acnes (Figs. 4F-H).

3.5 Effects of PHG and BJJF on insulin-stimulated sebocytes

Sebocytes’ survival was evaluated using the CCK8 assay after 24 h  
of incubation with either PHG or BJJF. Different concentrations of  
PHG/BJJF (ranging from 0.5% to 2%, V/V) did not exhibit significant 
changes (Fig. 5A). While examining cytofluorescence using Nile red 
dye, a significant increase in the count of intracellular lipid droplets 
was noted after 24 h of insulin treatment. BJJF (concentrations 
ranging from 0.5% to 1% (V/V)) displayed a concentration-dependent 
inhibition of insulin-induced lipogenesis. However, PHG did not 
exhibit an inhibition of insulin-induced lipogenesis (Fig. 5B). The 
fluorescence microscopy, which involved co-staining with Nile red 
and DAPI, produced consistent results as observed in flow cytometry 
(Fig. 5C).

3.6 Impact of HT-glu-rha on insulin-stimulated sebocytes 
and an exploration of the underlying mechanism

The cell viability of sebocytes was unaffected by 0.75−12 μg/mL of  
HT-glu-rha and 0.25%−1% of BJJ (Figs. 6A and C). HT-glu-rha, a 
compound largely generated by the fermentation. From the structure 
point of view, HT-glu-rha incorporates a rhamnose and a glucose 
into the HT core, enhancing HT’s stability to a certain extent. Our 
research indicates that HT-glu-rha, within the range of 0.75−12 μg/mL, 
can dose-dependently reduce sebocyte lipid synthesis, unlike BJJ  
(Figs. 6B and D). Through qPCR, we observed that HT-glu-rha 
treatment led to a dose-dependent decrease in the gene expression of 
sterol regulatory element binding transcription factor 1 (SREBP-1) 
and peroxisome proliferator activated receptor gamma (PPARγ) in 
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Fig. 3 PHG and BJJF reduce the damage caused by P. acnes to HaCaT cells. (A) Cell viability was determined by CCK8 assay. (B-C) The mRNA expression of 
IL-1α and IL-6 was detected using RT-qPCR. (D) ROS levels were quantified as mean fluorescence intensity relative to that in the control group. (E) JC-1 staining 

was used for assessing mitochondrial membrane potential. Scale bar = 50 μm. All data were expressed as means ± SEM (n = 3). #P < 0.05 vs. control group,  
*P < 0.05 and **P < 0.01 vs. P. acnes-induced group, $P < 0.05 vs. 1% PHG group.
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comparison to insulin-treated sebocytes (Figs. 6E-F). This could 
explain that the post-fermentation enhanced the effect of inhibiting 
insulin-stimulated lipid synthesis in sebaceous gland cells.

4.  Discussion

The benefits of fermented foods and herbs for overall systemic 
health are increasingly evident, backed by a growing body of evidence 
across various studies. Fermentation has the potential to generate and 
enrich a wide range of bioactive compounds. This process, driven by 
microorganisms, not only amplifies the original traits of the food but 
also introduces novel effects or properties[29].

In our research, we’ve made a novel discovery—during fermentation, 
the medicinal fungus B. bassiana transforms PhGs from Cistanche 
herbs into smaller polyphenols. The fermentation process occurs in 
stages: echinacoside is transformed into verbascoside, followed by the 
metabolism of a portion of verbascoside into HT-glu-rha and caffeic 
acid, with the latter converting into sulfation of caffeic acid. HT, the 
mother nucleus structure of HT-glu-rha, is widely recognized as an 
exceptional antioxidant compound sourced from plants. It possesses 
anti-inflammatory properties, aids in combating Alzheimer’s disease, 
and inhibits liver lipid synthesis. This component plays a pivotal role 
in Cistanche’s internal metabolism, exerting its medicinal effects. 
Indeed, while HT itself is quite unstable, HT-glu-rha demonstrates a 
similar activity to HT while maintaining greater stability, owing to the 
glycosidic bond linkage. However, studies on the pharmacological 
activity and pharmacokinetics of HT-glu-rha are quite limited, and we 
will explore this in more depth in a subsequent study. Interestingly, some 
of verbascoside was hydroxylated, indicating the potential presence of 
cytochrome P450 enzymes or polyphenol oxidase in the fermentation 
broth. This aligns with the in vivo metabolism pattern of PhGs, 
leading to the formation of hydroxylated components[11,30].

PhGs undergo multiple routes of hydrolysis in the gastrointestinal 
tract and produce degradation intermediates before being absorbed 
into the blood[31-32]. Indeed, each individual possesses a unique 
microbiota composition, impacting the bioavailability of PhGs 
and subsequent production of microbial metabolites, leading to 
interindividual variability in health effects. Consequently, these effects 
may not be uniform for everyone. For the first time, we conducted  
in vitro biotransformation of the PhGs, aligning with their metabolism 
in vivo. This process holds the potential to address the variability in 
the effects of PhGs observed in different individuals.

Acne vulgaris is one of the most common dermatologic conditions 
globally which is closely related to Western diet[33]. Diet-triggered 
insulin or insulin-like growth factor activation of the mammalian 
target of rapamycin complex 1 (mTORC1) is associated with acne. 
mTORC1 is responsible for sebaceous gland hyperproliferation, 
lipid synthesis, and keratinocyte hyperplasia in acne cases[34].  
P. acnes flourishes when sebum production increases[35]. It triggers 
inflammatory responses by stimulating the production of molecules 
associated with inflammation, including Toll like receptors (TLR), 
matrix metalloproteinases (MMP), and inflammatory cytokines[36]. 
Our research revealed that heat-killed P. acnes irritated HaCaT 
increased IL-1α and IL-6 expression, while PHG and BJJF showed 
a dose-dependent suppression of these cytokines in the HaCaT 
cells. Interestingly, higher doses of BJJF exhibited notably superior 
effects in reducing ROS production induced by P. acnes in HaCaT 

cells, possibly due to the increased likelihood of small-molecule 
polyphenols to penetrate cell membranes and exert biological 
activities. Moreover, in insulin-stimulated sebocytes, unlike PHG, 
BJJF demonstrated a dose-dependent reduction in lipid synthesis. 
Additionally, HT-glu-rha exhibited similar reductions in lipid 
synthesis in insulin-stimulated sebocytes by down-regulating the gene 
expression of SREBP-1 and PPARγ in a dose-dependent manner. 
However, further studies such as toxicological and pharmacokinetic 
on our samples are needed before they can be developed into active 
materials for topical or oral use. In addition, although we performed 
the fermentation in laboratory conical flasks, further experimental 
scale-up is required to assess its potential for industrial production.

5. Conclusions

Fermentation of Cistanche extract by B. bassiana metabolized 
the PhGs into small polyphenols, especially HT-glu-rha, enhancing 
its antioxidant and lipid inhibitory activities. Given the potent 
bioenzymatic activity of B. bassiana, it would be worthwhile to 
further explore its use in the fermenting hard-to-absorb foods and 
herbs to enhance their activity and utilization.
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