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A B S T R A C T

Celastrol is a natural pentacyclic triterpene extracted from the roots of Tripterygium wilfordi (thunder god vine).
Celastrol was reported as a powerful anti-obese drug with leptin sensitizing properties that decreases food con-
sumption and mediates body weight loss when administered to diet-induced obese mice at 100 μg/kg body
weight. The weight lowering properties of celastrol are likely mediated by the CNS, in particular, by the hypo-
thalamus, but the final proof for the accumulation of celastrol in the brain and hypothalamus remains to be es-
tablished. Here, we aimed to demonstrate that intraperitoneal celastrol administration at 100 μg/kg can rapidly
reach the brain and, in particular, the hypothalamus of mice. We developed and validated a sensitive liquid
chromatography mass spectrometry method for the quantitative determination of celastrol in murine tissues,
namely liver, brain and hypothalamus. Chow-fed lean mice were randomly assigned to the vehicle vs. celastrol
groups, injected with saline or 100 μg/kg body weight of celastrol, and sacrificed 30 min or 120 min post in-
jection. Celastrol was extracted from homogenized tissue using ethyl acetate as organic solvent, and quantified
using a matrix-matched calibration curve with glycyrrhetinic acid as internal standard. Liver celastrol concen-
trations were 32.60 ± 8.21 pg/mg and 40.52 ± 15.6 pg/mg, 30 and 120 min after injection, respectively. We
found 4.70 ± 0.31 pg/mg celastrol after 30 min, and 16.22 ± 3.33 pg/mg after 120 min in whole brain lysates,
and detectable amounts in the hypothalamus. These results corroborate the validity of our methodology, demon-
strate the accumulation of celastrol in the brain of mice injected intraperitoneally with a dose of 100 μg/kg, and
confirm the CNS as possible site of action for the weight lowering properties of celastrol.

1. Introduction

Obesity is a health problem of the first order (Bluher, 2019; James,
2018) caused by an increasingly sedentary lifestyle and exacerbated
food-consumption. Obesity is linked not only to metabolic disturbances,
but also to behavioral alterations such as sleep (Hakim et al., 2015)
or mood disorders (McElroy et al., 2004; Simon et al.), and per-
turbed sexual behavior (Bajos et al., 2010; Gordon et al., 2016).
Obesity has further been associated with neuronal injuries in the hu

man cerebellum and hippocampus (Mueller et al., 2012) and is, thus,
considered a neurobiological disease (Kelestimur et al., 2017). Ac-
cordingly, anti-obesity drugs are warranted that elicit some of their ac-
tion in CNS centers regulating body weight.

Celastrol (Fig. 1A) is a natural compound extracted from the root
of the plant Tripterygium wilfordi that was shown to have anti-cancer
(Kannaiyan et al., 2011; Kashyap et al., 2018), anti-oxidant (Al-
lison et al., 2000, 2001), and anti-inflammatory (Allison et al.,
2001; Kim et al., 2009) activities. Recent evidence further describes
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Fig. 1. Chemical structure of celastrol (A) and glycyrrhetinic acid (Internal standard (IS),
B).

celastrol as a novel anti-obesity drug that mediates weight loss by act-
ing as a leptin sensitizer (Liu et al., 2015) (Pfuhlmann et al., 2018).
Several mechanisms have been proposed for celastrol's weight-lowering
properties, but the exact pathway(s) are still not completely understood.
Celastrol was shown to impair adipocyte differentiation and increase
lipolysis in vitro in 3T3-L1 adipocyte cells (Choi et al., 2016). Celas-
trol further increased GLUT4-mediated glucose uptake in white adipose
tissue and skeletal muscle (Fang et al., 2019) and the expression of
hepatic Sirt1 (Zhang et al., 2017) in mice. Celastrol was moreover re-
ported as inhibitor of proteasome activity (Wang et al., 2018) and as
activator of a heat-shock response (Trott et al., 2008; Wang et al.,
2018), potentially driven via a HSF1-PGC-1α transcriptional axis that
was also linked with increased muscle and brown-adipose tissue (BAT)
thermogenesis and inguinal white adipose tissue (iWAT) browning (Ma
et al., 2015). We recently confirmed this impact of celastrol on BAT
and iWAT browning, i.e. an increase in uncoupling protein 1 (UCP1) lev-
els, but found comparable weight lowering efficacies of celastrol in both
WT and UCP1 KO mice (Pfuhlmann et al., 2018). Rather than ther-
mogenesis, our data suggested decreased food intake as key driver for
the weight loss induced by celastrol. Potential mechanisms for this de-
creased food consumption in response to celastrol administration are the
decreased expression of the hypothalamic neuropeptide galanin and its
receptor (Fang et al., 2019), or an increased expression of interleukin
1 receptor 1 (IL1R1) (Feng et al., 2019). The latter report shows that
IL1R1 knock-out mice exposed to celastrol exhibit no leptin-sensitizing
or anti-obesity effect, suggesting that celastrol exhibits its anti-obesity
effects via a pro-inflammatory signaling cascade (Feng et al., 2019).
We recently showed that celastrol-induced weight loss is largely me-
diated by the inhibition of leptin negative regulators protein tyrosine
phosphatase 1B (PTP1B) and T-cell PTP (TCPTP) in the arcuate nucleus
of the hypothalamus (Kyriakou et al., 2018). Overall, these studies
suggest a wide pharmacological range of celastrol action and multiple
targets, but a prominent role for the CNS and especially the hypothal-
amus in mediating the weight lowering and leptin sensitizing effects of
celastrol.

In order to induce changes within the CNS, celastrol must cross the
brain barriers to reach its, putatively neuronal, target cells. Although,
according to the literature, celastrol can reach the brain, its accumula-
tion in specific brain regions (i.e. hypothalamus) has not been firmly es-
tablished. At current, most reports focus on the quantification of celas-
trol in human or animal serum and plasma (Wang et al., 2008; Xu
et al., 2007; Yan et al., 2017; Zhang et al., 2012). Only two pa-
pers report on the detection of celastrol in rodent brains. Gou et al.,
measured celastrol in rat brain after injection of 1 mg per kg body
weight (BW) (Guo et al., 2017), while Huang et al. detected celastrol
in mouse brains after the administration of 4 mg celastrol per kg BW
(Huang et al., 2012). The doses applied differed substantially to the
dose of 100 μg/kg BW that was required to induce weight loss and lep-
tin re-sensitization in diet-induced obese (DIO) mice (Kyriakou et al.,

2018; Liu et al., 2015; Pfuhlmann et al., 2018). Here, we describe
the development and validation of a sensitive liquid chromatography
mass spectrometry (LC-MS) method for the quantitative determination
of low-dose celastrol in murine tissues, including the liver, brain and hy-
pothalamus. With our methodology, we could successfully detect celas-
trol accumulation in the brain and hypothalamus 30 and 120 min after
the injection of 100 μg celastrol per kg BW, with brain celastrol levels
being 4- to 10-fold lower compared to the liver. These results contribute
to enhance our understanding on celastrol as an emerging anti-obese
drug that has rich pharmacological properties and a likely CNS action
on feeding circuits.

2. Material and methods

2.1. Chemicals and reagents

Celastrol and glycyrrhetinic acid (internal standard) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other reagents and sol-
vents were of ACS grade or LC-MS grade. Distilled water was obtained
using a water distillation purification system and was used for the prepa-
ration of all aqueous solutions.

2.2. Preparation of standard and quality control samples

The stock solutions of celastrol and glycyrrhetinic acid were pre-
pared in methanol at concentrations of 1 ng/μL and 200 pg/μL respec-
tively. The solutions were stored at −20 °C in the dark. The stock so-
lutions were further diluted in CH3CN:H2O (7:3) to obtain the work-
ing standard solutions. The calibration curve was obtained by spiking
known amounts of working standard solutions to 200 μL blank tissue
extract, respectively. The spiking amount of celastrol was 0.5 pg/μL,
1 pg/μL, 5 pg/μL, 10 pg/μL, 50 pg/μL, and 100 pg/μL respectively
wherein the internal standard concentration was always 20 pg/μL.
These sequences of spiked solution into tissue extract were considered as
matrix-matched calibration standard. The quality control samples were
prepared at low (5 pg/μL) and high concentration (50 pg/μL) in the
same way as the tissue samples for analysis and were stored at −80 °C
until analysis. Quality control samples were prepared from both murine
liver and brain.

2.3. Instrumentation

Quantification of celastrol was performed using an Agilent 6470
triple quadrupole tandem mass spectrometry (LC-MS/MS) system cou-
pled with Agilent 1290 Infinity II LC system. The flow rate was 0.3 mL/
min, the column temperature was 40 °C and injection volumes were
20 μL. The mobile phases of the gradient HPLC method were water (A)
and acetonitrile (B), each containing 0.1% formic acid (v/v). The fol-
lowing gradient program was adopted: 50% B kept for 2 min, ramped
linearly to 70% B in 2 min, kept in this condition for 4 min, followed
by an increase to 100% B in 1 min and held for 1 min to remove
lipophilic components, finally returned to initial conditions in 0.2 min.
Further 4.8 min were allowed for re-equilibration before the next in-
jection. Celastrol and glycyrrhetinic acid were separated on a Zorbax
Eclipse Plus C18 column (2.1 × 50 mm, 1.8 μm). Analytes were de-
tected using an electrospray ionization source (ESI) interfaced in the
positive ion mode. The tandem mass spectrometer was operated under
multiple reaction monitoring mode (MRM). The MS/MS transitions (m/
z), the fragmentation voltage (FV), the collision energy (CE), the cell ac-
celerator voltage (CAV) and the dwell time for the analytes are reported
in Table 1. The mass spectrometric parameters were set as follow: gas
temperature 125 °C; gas flow 6 L per min; nebulizer pressure 55 psi; cap-
illary voltage 5500V.
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Table 1
Optimized MS/MS parameters for the celastrol analysis.

compound
Q1
(m/z) a

Q3
(m/z) a

F
(V) c

CE
(V) c

CAV
(V) c

Dwell
(msec) c

Celastrol 451.3 201.1
(q) b

172 12 2 500

215.1
(c) b

172 12 2 500

Glycyrrhetinic acid (I.S.) 471.4 317.4 174 50 1 500

a Ion-transitions are given as m/z for parent ion (Q1) and product ions (Q3).
b The first product ion is used for the quantification (q), the second for the confirmation
(c).
c Compound optimized values for fragmentor (F), collision energy (CE), collision acceler-
ation voltage (CAV) and dwell time.

2.4. Celastrol administration and tissue collection

Female C57BL/6J mice were obtained from Janvier Lab
(Saint-Berthevin Cedex, France) and maintained on a 12-h dark-light cy-
cle and had free access to diet and water. Mice were fed normal ro-
dent chow (Altromin, #1314). Celastrol (BOC Science, Shirley, NY, USA,
#34157-83-0) was dissolved in pure DMSO and diluted with PBS to a
final concentration of 0.02 mg/mL in 1% DMSO for injections. 100 μg/
kg BW of celastrol or PBS with 1% DMSO as vehicle was injected in-
traperitoneally (ip) in similar volume. Mice were injected with celastrol
or vehicle over 3 consecutive days. Daily injections took place 2 h be-
fore dark onset. After the 3rd injection, mice were sacrificed by cervical
dislocation 30 min or 120 min after injection. The livers were removed
rapidly from the peritoneum, flash-frozen in liquid nitrogen and then
transferred to −80 °C for storage. The brains were carefully dissected
from the skull using small forceps and flash-frozen in liquid nitrogen.
Brains were furthermore transferred to a flat glass surface on ice, and the
hypothalamus was dissected from the surrounding brain areas using ra-
zor blades and coordinates of the Allen brain atlas (https://mouse.brain-
map.org/static/atlas). All studies were approved by the State of Bavaria,
Germany, and were performed without blinding the investigators.

2.5. Sample preparation

Samples were pestled at −200 °C to obtain a powder from which
50 mg of liver or 200 mg of brain were used for the extraction of celas-
trol. The 50 mg-tissue samples were homogenized in 200 μL of pure cold
water by ultrasonication (Bandelin Electronics, Berlin, Germany) in an
ice-cooling bath. To this mixture, 100 μL of internal standard (20 pg/μL)
were added, the tube was then vortexed for 1 min and 4 mL of ethyl ac-
etate were added. After 20 min of vortexing at room temperature and
centrifugation (Multifuge 3S/3S-R, Thermo Scientific, Walthmann, USA)
at 3500 g for 10 min, the supernatant was collected and the extraction
procedure repeated one more time using 2 mL ethyl acetate and 2 min
of vortexing. The pooled organic phase was evaporated to dryness under
nitrogen stream and then reconstituted in 100 μL of CH3CN:H2O (7:3).
This mixture was centrifuged at 3500 g for 10 min and the supernatant
collected (about 80 μL) for injection into the LC-MS/MS system. The ex-
traction of celastrol from 200 mg of brain tissue was performed accord-
ingly, but with adapted volumes. I.e., the samples were homogenized
using 400 μL of pure water and then extracted using 9 mL ethyl acetate.
For the extraction of celastrol from the hypothalamus, the homogeniza-
tion was performed with 100 μL of pure water and the extraction with
2 mL ethyl acetate.

2.6. Statistical analysis

All data are expressed as mean ± SD. Data acquisition, linearity of
the standard curve and quantification of the samples were performed us-
ing Agilent MassHunter Workstation software. All the other data were
generated using SigmaPlot (version 12.0).

3. Results and discussion

3.1 Method development

For the quantification of celastrol, three different molecules were
tested as a possible internal standard (IS). The first was pristimerin, a
close analogue to celastrol. However, this compound was too lipophilic
and required high content of organic solvent for its elution. Next, we
tested hederagenin and glycyrrhetinic acid. Glycyrrhetinic acid showed
a retention time closer to that of celastrol and a higher signal intensity,
and was thus chosen as internal standard (Fig. 1B).

For the detection of celastrol and its internal standard a UPLC-system
coupled with triple-quadrupole (QQQ) mass detector using an electro-
spray ionization source in positive mode was used.

Sample preparation was based on previous reports that employed the
extraction of celastrol from biological samples with an organic solvent,
subsequent evaporation of the supernatant to dryness, and the recon-
stitution of the residue in the mobile phase for the analysis (Guo et
al., 2017; Huang et al., 2012; Wang et al., 2008, 2019; Xu et al.,
2007; Yan et al., 2017; Zhang et al., 2012). However, the extrac-
tion of celastrol from biological samples involves particular challenges
due to its low solubility and chemical reactivity. Specifically, celastrol
can perform Michael-addition with nucleophilic thiol-groups (Sreera-
mulu et al., 2009). This behavior makes the full extraction and re-
covery of celastrol from biological samples difficult, and could explain
the relatively low recovery values of 51%–65% for celastrol spiked in
rat plasma as reported by Zhang et al. and Wang et al. (Wang et al.,
2008; Zhang et al., 2012). A more recent report observed that the ex-
traction of celastrol from tissue using a simple liquid-liquid extraction
protocol is even more complicated than that from plasma (Guo et al.,
2017). We tried different approaches to increase this extraction efficacy
from tissues, and tested various solvents (methanol, acetonitrile, chlo-
roform, ethyl acetate, diethyl ether), pH values (neutral and acid), ex-
traction times (from 5 min to 1h) and finally additionally solid-phase ex-
traction methodologies (anion exchange resin, reverse phase cartridge).
Unfortunately, these attempts were largely futile. We were unable to
achieve good recovery values, but some conclusions can be drawn from
our attempts. In general, celastrol recoveries were lower when solvents
miscible with water (i.e. methanol or acetonitrile) were used instead
of solvents with distinct phase separation. Both in methanol and ace-
tonitrile we observed a detrimental loss of the celastrol signal intensity
(over 90%) compared to the value in neat solvent. Notably, the pro-
cedure in methanol was very simple since tissue was homogenized di-
rectly in methanol, the solvent evaporated and the compound reconsti-
tuted in the HPLC solvent for analysis. Accordingly, we do not know
whether the loss of celastrol signal intensity is due to a detrimental
matrix effect or the presence of polar molecules that react with celas-
trol. Using less polar organic solvents reduced this interference. Among
those solvents tested for the capability to extract celastrol from pure wa-
ter, ethyl acetate and chloroform were the most effective with compa-
rable recovery rates (>70%). Subsequently, we chose ethyl acetate as
solvent for the extraction from real sample due to the reportedly good
stability of celastrol in this solvent even at room temperature (Came-
lio et al., 2015). When this solvent was tested on a biological sam-
ple the signal intensity of the celastrol was three times higher com-
pared to the results obtained with methanol. We further tested whether
the addition of 0.1% formic to ethyl acetate can increase celastrol re
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covery rates based on earlier reports that showed diminished covalent
bond formation between the thiol group and celastrol after the addition
of formic acid (Peng et al., 2010). However, we did not find any im-
provements in the recovery. Both too long and too short extraction pro-
cedures decreased the celastrol recovery rates, with best results being
obtained for an extraction period of 20–30 min. For the solid-phase ex-
traction approach, Bond Elut Plexa (PAX, 60 mg, 3 mL) and Bond Elut
C18 resins (100 mg, 3 mL) were tested. Both cartridges were used ac-
cording to the specification of the vendor. These experiments were ini-
tially performed using pure celastrol dissolved in neat solvent. Good re-
sults were achieved with the reverse phase resin (over 90% recovery),
while with the anion exchange resin less than 5% of celastrol was recov-
ered after the elution We next used C18 cartridges to extract celastrol
from a biological sample, however the recovery was not better than that
obtained with simple liquid-liquid extraction in ethyl acetate. Specifi-
cally for the liquid-liquid extraction, we had a maximum extraction effi-
cacy of about 34.8%, calculated by comparing the peak area of the celas-
trol in spiked samples before (n = 3) and after (n = 3) extraction. The
spiked samples had a celastrol concentration of 50 pg/μL and were gen-
erated using about 50 mg of mouse liver. To overcome the problem of
the low recovery, a matrix-matched calibration curve was adopted that
gave consistent and reproducible results despite low extraction effica-
cies. The same approach was reported by Wang et al., albeit at a higher
recovery rate for celastrol of 65% (Wang et al., 2008).

3.2. Method validation

Calibration curves for celastrol were obtained by spiking 200 μL of
tissue extract with standard solutions (100 μL) in the concentration of
0.5 pg/μL, 1 pg/μL, 5 pg/μL, 10 pg/μL, 50 pg/μL, and 100 pg/μL. The
internal standard concentration was kept at 20 pg/μL. A correlation co-
efficient (r2) of above 0.99 was obtained. The LOQ, calculated as signal/
noise ratio >10, was 0.5 pg/μL. The matrix-matched calibration curve
was built using liver tissue extract, and was suitable for the quantifica-
tion of celastrol in brain and liver samples. The methodology was vali-
dated using 50 mg of tissue (brain and liver). However, when brain sam-
ples from treated animals were tested the results were in the lower part
of the calibration curve. The analysis was thus repeated using 200 mg of
brain tissue and a new matrix-matched calibration curve was built using
200 mg of liver extract. The goodness of the calibration was validated
via spike recovery experiments at low and high concentrations using the
same quantity of brain extract (supplementary material, Table S1). In
two independent mouse brain and three independent mouse liver sam-
ples, no interference was observed in the representative chromatograms
of the blank samples at the retention time of the analyte and internal
standard (Fig. 2, and Fig. S1).

Before sample analysis, QC samples spiked either with 5 pg/μL or
50 pg/μL were prepared to test the goodness of the calibration curve.
The analyte identification was based on the retention times compared
with quantification standards and m/z ratios of the selected ions. Instru-
mental quality control was performed regularly by injecting blank sol-
vents or standard solutions.

The intra-day precision and accuracy of the method were assessed
by preparing and measuring three different quality control samples (QC)
on a single day. The inter-day precision and accuracy, were tested
by measuring four different batches prepared in four different days.
Every batch was constituted of three QC samples (except in one case
where only two samples were prepared). The quality control samples
were prepared by spiking celastrol at two different concentrations (5
and 50 pg/μL) into either brain or liver extracts. The results reported
for the brain (Table 2) and liver (Table S2, supplementary material)
show a relative standard deviation (RSD %) less than 23% and an accu-
racy between 84 and 106%, For the precision, a relative standard devi

ation < 20% is considered acceptable. The accuracy should be within a
range of 80–120%. In our case, the intra-day precision for the liver was
about 23%. This value, although slightly outside the range, is nonethe-
less considered acceptable as the inter-day value was within range.

Next, we assessed the short- and long-term stability of celastrol in the
prepared QC samples. We first found that celastrol remains stable when
samples are kept in the autosampler at 10 °C for 6h in the dark. The
mid-term (−20 °C after 3 days) and long-term (−80 °C for two weeks)
stability of celastrol in the spiked samples was also investigated. The
stability test was performed with three different samples prepared from
liver and brain tissues spiked with 5 and 50 pg/μL celastrol standard so-
lution. Celastrol levels remained stable in the liver samples but dimin-
ished in all brain samples for both the low and high concentration, in-
dicating decomposition and a detrimental interaction with brain matrix
components upon prolonged storage (Table 3, Table S3, supplemen-
tary material). Pure celastrol dissolved in neat solvent (CH3CN:H2O, 7:3)
and kept for 2h at room temperature (the time necessary for the sample
preparation) remained stable. For such experiment two different stan-
dard solutions (5 pg/μL and 50 pg/μL) were measured in triplicate. Both
precision and accuracy were in the expected range, indicating that no
decomposition at the conditions used in this or our preceding studies
(Pfuhlmann et al., 2018) occurred.

3.3. Quantification of celastrol

After establishing and validating our novel and highly sensitive
method, we next aimed to quantify the accumulation of celastrol in
murine brain and liver tissues after a single low dose injection. Eleven
mice were randomly assigned to control (n = 3) and test (n = 8)
groups. The test group was injected i.p. with 100 μg/kg BW of celastrol
and the animals sacrificed 30 or 120 min post injection.

We first assessed the concentration of celastrol in the liver, and found
comparable levels of 32.6 and 40.52 pg/mg tissue 30 and 120min af-
ter the administration, respectively, indicating no significant hepatic ac-
cumulation between the time points (Table 4). A recent biodistribu-
tion study conducted with 1 mg celastrol per kg BW in rats reported
hepatic accumulation of celastrol with levels reaching up to 4 μg/mL
(8 μg/g) after 5 min post injection (Guo et al., 2017). Notably, in this
study the administration of 1 or 3 mg celastrol per kg BW in rat led to a
profound and dose dependent histological damage in the liver (Guo et
al., 2017). Hepatotoxic effects of celastrol when administered at mg/
kg doses have indeed raised considerable doubt on its clinical safety,
and initiated intense efforts to identify non-toxic analogues (Hou et al.,
2020). Our data nonetheless suggest that celastrol administered at low
doses of 100 μg/kg may not accumulate to hepatic levels that cause ma-
jor hepatotoxicity. However, that safety aspect for low dose celastrol re-
quires specific testing.

Effects of celastrol on food intake and weight loss are likely driven
by the CNS. Accordingly, we next aimed to quantify celastrol in the
CNS and the hypothalamus of mice. As summarized in Table 4, we
found substantial amounts of celastrol in the brain, with a 4-fold accu-
mulation from 30 to 120 min post-injection. These values, despite the
low number of animals, are in agreement with an earlier report that
showed a 2- to 4-fold increase in the levels of mouse brain celastrol
after administration of free celastrol or celastrol encapsulated in lipo-
somes (4 mg/kg, respectively), respectively (Huang et al., 2012). We
next assessed whether celastrol could be detected also in the hypothal-
amus, a brain region involved in the weight lowering action of celas-
trol. Initially, we used hypothalamus tissue from one animal sacrificed
after 120 min post injection, but failed to quantify celastrol due to the
low amount of tissue. We thus pooled two hypothalami and repeated
the analysis using a total 27.5 mg hypothalamus tissue mass. Prior to
the actual analysis of the celastrol-treated mouse hypothalami, we con-
ducted a blank analysis of two hypothalamus samples from untreated
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Fig. 2. Multiple reaction monitoring chromatograms of celastrol (I) and glycyrrhetinic acid (IS; II). (A) blank mouse brain; (B) blank mouse brain spiked with celastrol (50 pg/μL) and IS
(20 pg/μL); (C) mouse brain sample 30 min after i.p. injection of celastrol (100 μg/kg BW); (D) mouse brain sample 120 min after i.p. injection of celastrol (100 μg/kg BW).

Table 2
Intra-day and inter-day precision and accuracy of celastrol in mouse brain samples.

Intra-day (n = 3) Inter-day (n = 11)

Spiked conc. a (pg/μL) Concentration measured (pg/μL) Precision (% RSD) Accuracy (%) Concentration measured (pg/μL) Precision (% RSD) Accuracy (%)
5 4.21 ± 0.16 3.8 84.2 4.65 ± 0.95 20.4 93.0
50 51.59 ± 3.89 7.7 103.2 52.4 ± 10.4 19.8 104.8

a 100 μL of standard solution, at given concentration, is spiked into about 50 mg of tissue extract.

mice to confirm the selectivity of our detection. As shown in Fig. 3A,
no interference was observed in the representative chromatogram of the
blank sample at the retention time of the analyte and internal stan-
dard. In contrast, the pooled hypothalamus sample from treated mice
showed a distinct peak and thus a clear accumulation of celastrol in the

hypothalamus (Fig. 3B). However, a signal to noise ratio of 7 for the
celastrol peak did not allow an accurate quantification in the hypo-
thalamus. We can nonetheless conclude from our qualitative data that
celastrol reaches hypothalamic centers of feeding control. Future stud-
ies, built upon pooled hypothalamus samples and/or our method with
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Table 3
Stability of celastrol spiked in mouse brain extracts (n = 3).

Stability conditions

Spiked
conc. a

(pg/μL)

Concentration
measured
(pg/μL)

Precision
(% RSD)

Accuracy
(%)

Short-term (10 °C, 6h
autosampler)

5 4.22 ± 0.88 20.8 84.4

50 46.08 ± 8.12 17.6 92.2
Mid-term (−20 °C for 3
days)

5 3.80 ± 0.45 11.2 76.0

50 46.2 ± 10.4 22.5 92.4
Long-term (−80 °C for 2
weeks)

5
50

3.71 ± 0.26 7.0 74.2

38.7 ± 1.8 4.7 77.3

a 100 μL of standard solution, at given concentration, is spiked into about 50 mg of tissue
extract.

Table 4
Concentration of celastrol in mouse liver and brain at 30 min and 120 min post injection.

Organs
Time
(min)

Concentration
(pg/mg)

Liver a 30 32.60 ± 8.21
120 40.52 ± 15.6

Brain b 30 4.70 ± 0.31
120 16.22 ± 3.33

a Analysis performed with four animals per time point.
b Analysis performed with two animals per time points.

further improvements in the recovery efficiency and sensitivity, should
help to clarify the exact concentration of bioactive celastrol reaching its
target area in the hypothalamus, or elsewhere in the CNS.

4. Conclusions

An LC-MS method was developed for the quantification of celastrol
in murine liver, brain and hypothalamus after the intraperitoneal ad-
ministration of 100 μg/kg BW. We report levels of 32.6 ± 8.2 pg/mg

celastrol in the liver and 8-fold lower levels in the brain of mice sac-
rificed 30 min post injection. One hundred and 20 min after the injec-
tion, hepatic celastrol levels remain stable but brain celastrol levels ac-
cumulate 4-fold to 16.2 ± 3.33 pg/mg. An earlier report using 40-times
higher celastrol doses found a higher liver to brain ratio (Huang et
al., 2012), which indicates the accumulation of high dose celastrol
preferentially in the liver compared to other organs. However, a more
complete assessment of the biodistribution, performed at different time
points and with different concentrations and routes of administration,
would be required to fully interrogate this behavior of celastrol. Overall,
we report: (i) an analytical method suitable for multiple mouse organs
that quantifies celastrol in tissues with notoriously high concentrations
(liver) but also in tissues where concentrations are low (brain); (ii) con-
siderably lower hepatic accumulation of low dose celastrol compared to
earlier values reported for high dose treatment, thus suggesting a low
hepatotoxicity risk for low dose celastrol treatment; (iii) celastrol can be
found in the brain when administered as anti-obese drug; (iv) celastrol
can be detected in the hypothalamus where it can reach its target cells
and molecules.

Collectively, our findings on celastrol accumulation in the CNS and
hypothalamus add to a growing body of literature that suggests celastrol
as a hypothalamic leptin sensitizer, likely driven via non-competitive
PTP1B and TCPTP inhibition (Kyriakou et al., 2018) and/or galanin
(Fang et al., 2019) and IL1R1 signaling (Feng et al., 2019), that reg-
ulates our CNS control of feeding and body weight (Liu et al., 2015;
Pfuhlmann et al., 2018).
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