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Rhein targets macrophage SIRT2 to
promote adipose tissue thermogenesis in

obesity in mice

M| Check for updates

Ruo-Nan Zhou ® '?, Zi-Wei Zhu'?, Ping-Yuan Xu'?, Li-Xuan Shen'?, Ziwei Wang'?, Ying-Ying Xue'?,
Ying-Ying Xiang'?, Yue Cao'?, Xi-Zhong Yu?, Juan Zhao?, Yu Jin?, Jing Yan? Qin Yang®,

Peng-Hua Fang ® 1< & Wen-Bin Shang ® 2

Rhein, a component derived from rhubarb, has been proven to possess anti-inflammatory properties.
Here, we show that rhein mitigates obesity by promoting adipose tissue thermogenesis in diet-
induced obese mice. We construct a macrophage-adipocyte co-culture system and demonstrate that
rhein promotes adipocyte thermogenesis through inhibiting NLRP3 inflammasome activation in
macrophages. Moreover, clues from acetylome analysis identify SIRT2 as a potential drug target of
rhein. We further verify that rhein directly interacts with SIRT2 and inhibits NLRP3 inflammasome
activation in a SIRT2-dependent way. Myeloid knockdown of SIRT2 abrogates adipose tissue
thermogenesis and metabolic benefits in obese mice induced by rhein. Together, our findings
elucidate that rhein inhibits NLRP3 inflammasome activation in macrophages by regulating SIRT2, and
thus promotes white adipose tissue thermogenesis during obesity. These findings uncover the
molecular mechanism underlying the anti-inflammatory and anti-obesity effects of rhein, and suggest

that rhein may become a potential drug for treating obesity.

Metabolic inflammation is implicated in the pathogenesis of various
metabolic diseases, especially obesity'”. Increasing attempts have been made
to explore the approaches to modulate inflammation in the context of
obesity in order to develop effective therapeutic strategies for both obesity
and its complications’. Rheum L. (thubarb) is consumed as an ingredient in
cuisines or herbal remedies in many regions and has been proven to be
beneficial for a wide range of inflammatory diseases, such as chronic kidney
disease, sepsis and cancer”. Rhein is one of the major active components of
rhubarb, which is also the active metabolite of diacerein, an FDA-approved
anti-inflammatory drug for treating osteoarthritis (oral diacerein undergoes
complete deacetylation to rhein in animals and humans)’. Recently, there
have been several studies reporting that rhein reduces body weight in
rodents with diet-induced obesity (DIO)**. However, the exact mechanism
underlying the anti-inflammation and anti-obesity effects of rhein remains
unclear.

It has been widely accepted that decreasing the production of
interleukin-1p (IL-1P) is the most prominent characteristic of the anti-
inflammatory activity of rhein and diacerein®’, and the NOD-, LRR-, and
pyrin domain-containing 3 (NLRP3) inflammasome is now considered to
be a main source of mature IL-1B'°. The opinion from previous studies is

that rhein blunts NLRP3 activation mainly through inhibiting nuclear
factor-kB (NF-kB) activation in the priming step'"™". However, the results
from both our research and that of others suggest that short-term treatment
with rhein on macrophages reduces the NLRP3 inflammasome activation
without changing the expression of NLRP3 or pro-IL-1f in cell lysates,
suggesting the existence of a potential mechanism by which rhein directly
inhibits the assembly of NLRP3 inflammasome without affecting the
priming stage in macrophages'. Meanwhile, macrophages are the most
plentiful immune cells in the adipose tissue and are crucial mediators of
adipose tissue inflammation during obesity"’. It was reported that, in obe-
sity, multiple components of metabolism-associated molecular patterns
(MAMPs) activate the NLRP3 inflammasome in adipose tissue macro-
phages (ATMs), inducing the expression of monoamine oxidase A
(MAOA) which is responsible for norepinephrine (NE) degradation'®".
Elevated MAOA expression in ATMs reduces the local NE level to impair
adipose tissue thermogenesis. Taken together, we hypothesize that pro-
moting adipose tissue thermogenesis by inhibiting the assembly of NLRP3
inflammasome in ATMs may underlie the anti-obesity property of rhein.
In this study, we show that rhein promotes white adipose tissue ther-
mogenesis by inhibiting NLRP3 inflammasome activation in macrophages.
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With acetylome analysis, we further identify SIRT2 as a drug target of rhein,
as rhein directly binds to SIRT2 and inhibits the activation of NLRP3
inflammasome as well as the subsequent metabolic disorders in an SIRT2-
dependent manner. Our findings reveal the molecular mechanism under-
lying the anti-inflammation as well as the anti-obesity properties of rhein.

Results

Rhein reduces obesity and improves insulin sensitivity

The existing studies on rhein in treating animal models of obesity adopted
doses much higher than the clinically recommended dosage of
diacerein®**"**". Excessive intake of rhein may lead to adverse reactions,
especially diarrhea, which interferes with the observation of metabolism
status™. So, we gavaged rhein at 10 mg/kg per day to DIO mice for 4 weeks.
The dosage of rhein is converted from the clinically advised dosage of
diacerein. The mice showed significantly less weight gain after 4 weeks of
rhein treatment (Fig. 1a, b; Fig. S1c), with obviously reduced white adipose

tissue volume as well as redder interscapular brown adipose tissue (iBAT)
(Fig. 1d, e; Fig. Sla). Hematoxylin-eosin (HE) staining also confirmed that
the adipocyte diameters of both inguinal white adipose tissue iWAT) and
epididymis white adipose tissue (eWAT) were significantly smaller in the
HFD + Rhe group than the HFD group (Fig. 1f; Fig. 1i). Compared with the
HED group, a decrease in the weight of iWAT, eWAT, iBAT and liver was
observed in the mice from the HFD+Rhein group, though the difference is
not statistically significant (Fig. S1b).

Insulin resistance, along with disruption of glucose and lipid home-
ostasis, are the prominent detrimental actions of obesity, so we investigated
whether rhein could normalize these parameters™. As shown in Fig. 1,
compared with the HFD group, the mice treated with rhein showed an
obviously lower fasting blood glucose level (Fig. 1c) as well as a better
tolerance to glucose load (Fig. 1g; Fig. 1j), and were more sensitive to insulin
injection (Fig. 1h; Fig. 1k). Non-esterified fatty acid (NEFA) is the necessary
substrate for triglyceride synthesis as well as an intermediate product of
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Fig. 1 | Rhein decreases weight gain and enhances insulin sensitivity in DIO mice.
a Daily body weight of DIO mice during rhein treatment (n =5). b Percentage of

body weight loss after 28-day rhein treatment of DIO mice (1 = 5). ¢ Fasting blood
glucose levels after 28-day rhein treatment of DIO mice (n = 5). d, e Representative
micro-CT scan of DIO mice (e) and adipose tissue volume of DIO mice measured by
micro-CT (d) (n = 3). f, i Representative H&E staining of dissected tissues (f) (scale
bar, 50 um) and quantification of adipocyte diameter of iWAT and eWAT (i) (n = 3).

e
&

8, j Oral glucose tolerance test on DIO mice after a 12-h fast (g) and bar graph
represents the average area under the curve (j) (n =5). h, k i.p. insulin tolerance on
DIO mice after 6-hour fast (h) and bar graph represents the average area under the
curve (k) (n = 5).1Serum non-esterified fatty acid (NEFA) level of DIO mice after a
12-h fast (n = 5). Data are presented as the mean + standard error (SD). Significance
is indicated by *p < 0.05, **p < 0.01. and ***p < 0.001 compared to the
corresponding group.
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Fig. 2 | Rhein promotes white adipose tissue thermogenesis as well as whole-body
energy expenditure in DIO mice. a Rectal temperature of DIO mice measured
under room temperature after a 12-h fast (n = 5). b-g Energy expenditure measured
by 24-h animal monitoring system. b oxygen consumption (VO2) and d heat pro-
duction of DIO mice were normalized by body weight. f The energy expenditure
(EE) was calculated following the Weir equation. The bar graphs represent the
average of each group (c for b, e for d and g for f) (n = 3). h, i Rectal temperature
variation during 270-min cold exposure. h Rectal temperature recorded during cold
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exposure. i The average rectal temperature of each group at the time point of 120 min
and 270 min (# = 3). j, m Gene expression profiles in iWAT (j) and eWAT (m) after
270 min of cold exposure (n = 3). k Representative UCP1 immunohistochemical
staining in iWAT and eWAT of DIO mice. Scale bar, 50 pm. I Immunoblots of UCP1
in iWAT and eWAT after 270 min of cold exposure. Data are presented as the
mean + SD. Significance is indicated by *p < 0.05, **p < 0.01 and ***p < 0.001
compared to the corresponding group. n.s. indicates no significance.

lipolysis™. We also investigated the NEFA level in the serum of all groups
and observed a significant decline in NEFA after rhein treatment (Fig. 11).

During the 4 weeks of rhein treatment, no obvious difference was
observed in the fecal shape between the HFD group and the HFD+Rhe
group, nor in 24 h food/water intake or physical activity (Fig. S1d, f, n),
indicating that rhein was well-tolerated and the weight-reducing efficacy
was not due to the gastrointestinal reactions caused by the anthraquinone
scaffold of rhein (Fig. S1j)**'. Moreover, we also observed an elevated fasting
rectal temperature in rhein-treated mice (Fig. 2a). All the evidence above
suggests that the beneficial effects of rhein on combating obesity might be
relevant to an increase in energy expenditure.

Rhein increases the thermogenic capability of white adipose
tissue in DIO mice
To further observe the influence of rhein on energy expenditure, we housed
mice from all groups into metabolic cages for a 24-h analysis. After nor-
malizing to body weight, the rhein-treated mice exhibited a remarkably
higher oxygen consumption (Fig. 2b, ¢) and carbon dioxide production rate
(Fig. S1g, h) than the mice from the HED group. Consistent with the above,
the mice receiving rhein treatment showed a noticeable increase in whole-
body energy expenditure (Fig. 2d-g).

Seeing that rhein influenced neither calorie intake nor physical activity
but elevated the rectal temperature, we hypothesized that the adipose tissue
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thermogenesis might be responsible for the elevated energy expenditure. To
gauge adipose tissue thermogenesis, we employed a 270-minute cold tol-
erance test. At 270 min, the mice receiving rhein treatment acquired a
significantly higher core body temperature than the mice from the HFD
group (Fig. 2h, i). Uncoupling protein-1 (UCP1) is widely recognized as the
main thermogenic effector. Adipose tissue thermogenesis chiefly relies on
the uncoupling of mitochondrial oxidative phosphorylation induced by a
UCP1-dependent proton leak™. We further checked the gene and protein
expression of UCP1 in different types of adipose tissues. The results showed
that HFD impaired while rhein treatment rescued the UCP1 expression in
both iWAT and eWAT (Fig. 2k, |; Fig. S11, m), meanwhile, we also observed
that rhein treatment strongly activated genes related to adipose tissue
thermogenesis (Nrfl, Prdmlé6, Dio2, mtTfa, Atpsyn and Cptlb) in both
iWAT and eWAT (Fig. 2j, m).

However, although we noticed that HFD gave rise to the whitening of
brown adipose tissue while rhein treatment impeded this process (Fig. S1i),
rhein did not change the expression of UCP1 compared to the HFD group
(Fig. S1k). Evidence from earlier studies™ and our results both suggest that
though HFD is an inducing factor of brown adipose tissue whitening, it
increases the expression of UCP1 in brown adipose tissue (Fig. S1k). The
specific mechanism underlying the phenomenon is still undetermined.
Combining the fact that rhein did not alter the expression of UCP1 in brown
adipose tissue, we took only white adipose tissue as the target organ of rhein
for further exploration in this study.

Rhein-suppressed NLRP3-induced MAOA expression in
macrophages

Considering that the activation of NLRP3 inflammasome in ATMs plays a
fundamental role in adipose tissue thermogenesis, and rhein is a repre-
sentative anti-inflammatory drug, we identified the activation of NLRP3 in
iWAT and eWAT. As shown in the results, compared with the HFD group,
the markers of NLRP3 activation, Caspasel p20 and IL-1f p17, were pro-
foundly decreased in the HFD+Rhe group (Fig. 3a), which indicates that
rhein treatment inhibits NLRP3 inflammasome activation in the white
adipose tissue of DIO mice.

To elucidate whether rhein rescues adipose tissue thermogenesis in a
NLRP3-MAOA dependent manner, we detected MAOA expression in
adipose tissues and found that rhein treatment significantly downregulated
the expression of MAOA in both iWAT and eWAT (Fig. 3a).

We further used lipopolysaccharide (LPS) combined with adenosine
triphosphate (ATP) to induce the activation of NLRP3 inflammasome in
bone marrow-derived macrophages (BMDMs) and treated the cells with
rhein. The results showed that rhein inhibited the IL-1p secretion (Fig. 3b;
Fig. S2a), along with the formation of ASC specks (Fig. 3d, g) and the cell
pyroptosis (Fig. 3e, f) induced by LPS + ATP, which suggests that rhein
inhibits the activation of NLRP3 inflammasome in BMDMs. Most impor-
tantly, we observed that rhein reduced the high expression of MAOA
induced by the activation of NLRP3 inflammasome in BMDMs (Fig. 3c).
Similarly, in the J774A.1 macrophage cell line, rhein inhibited the activation
of NLRP3 inflammasome and reduced the MAOA expression (Fig. 3h-j;
Fig. S2b). However, in J774A.1 cell with NIrp3 knocked down using inter-
fering RNA (si-RNA), rhein failed to repress Maoa expression on neither the
mRNA nor protein level (Fig. 31, j; Fig. S2¢). These results suggest that rhein
reduces the expression of MAOA in an NLRP3-dependent way.

Additionally, we also observed that rhein blunted the NLRP3 activation
triggered by nigericin and monosodium urate crystals (MSU) in BMDMs,
which indicates that the inhibition of NLRP3 inflammasome by rhein is
irrelevant to the type of stimuli (Fig. S2d, e).

Rhein regulates adipose tissue thermogenesis in a macrophage
NLRP3-dependent manner

To further clarify the relationship between the effects of rhein on adipose
tissue thermogenesis and NLRP3 inflammasome activation in macro-
phages, we constructed an adipocyte-macrophage co-culture system
(Fig. 4a). Briefly, BMDM s were seeded in the culture inserts and stimulated

by LPS + ATP with or without rhein treatment before co-culture. The
corresponding amount of NE was added to the mature white adipocytes
induced from the stromal-vascular fraction (SVF) of mouse inguinal adi-
pose tissue or the 3T3-L1 cell line right before co-culture. Then co-culture
the BMDMs and the adipocytes for 1 h.

Due to the difference in NE sensitivity between primary white adipo-
cytes (primary WAC) and 3T3-L1 derived adipocytes (3T3-L1), We first
employed a NE gradient to treat the adipocytes and obtained the response
curve of Ucpl mRNA to NE (Fig. 4b, c). Based on the results obtained, we
chose 0.5 uM NE to treat primary WAC and 10 uM NE to treat 3T3-L1,
respectively.

Mitochondrial membrane potential is the main driver of ATP synthesis
or UCP1-mediated proton leak”’. We thereby used tetramethylrhodamine
ethyl ester perchlorate (TMRE) dye to estimate the mitochondrial mem-
brane potentials in adipocytes after co-culture. The results showed that in
both primary WAC and 3T3-L1, treatment of rhein on BMDMs apparently
increased the fluorescence intensity of TMRE in adipocytes (Fig. 4d, e
Fig. S3a,b). We also detected the expression of thermogenesis-related genes
in primary WAC and 3T3-L1. As expected, the treatment of rhein on
BMDMs increased the expression of Ucpl and mtTfa in primary WAC
while elevating the expression of Ucpl, Dio2, mtTfa, Atpsyn, Mcad and
Cpt1b in 3T3-L1 (Fig. 4h, 1). These results indicate that the rhein treatment
on NLRP3-activated macrophages boosts the thermogenesis in adipocytes
co-cultured with these macrophages.

We also used NLRP3-unactivated BMDMs to co-culture with adipo-
cytes (Fig. 4f, g, lane 1 and lane 2; Fig. S3¢, d). The results showed that rhein
treatment on BMDMs changed neither the expression of UCP1 nor
phospho-PKA (p-PKA) substrates in adipocytes under the condition that
NLRP3 was not activated in BMDMs. These results indicate that the acti-
vation of NLRP3 inflammasome in macrophages is necessary for rhein-
induced adipocyte thermogenesis.

Considering that MAOA inhibitors have a direct impact on adipocyte
lipid metabolism, we next administered the co-culture using adipocytes
untreated with NE. As shown in the results (Fig. 4f, g, lane 5 and lane 6;
Fig. S3¢, d), the expression of UCP1 or p-PKA substrates in adipocytes was
not changed. This result illustrates that the presence of NE is required for
rhein to promote adipocyte thermogenesis and implies the participation of
macrophage MAOA in rhein-induced adipocyte thermogenesis. Taken
together, our results indicate that rhein regulates adipose tissue thermo-
genesis by inhibiting the activation of NLRP3 inflammasome in ATMs.

Rhein inhibits NLRP3 inflammasome activation by influencing
SIRT2-induced acetylation
It is widely believed that two steps are required for NLRP3 inflammasome
activation. During the priming stage, the activation of NF-kB induces gene
transcription of NLRP3 and pro-IL-1B. In the assembly stage, ASC is
recruited to NLRP3 for the cleavage of pro-caspase-1. Activated caspase-1
further cleaves pro-IL-1f and pro-interleukin-18 (pro-IL-18) into mature
IL-1B and IL-18 for release™. Earlier studies are of the opinion that rhein
blunts NLRP3 activation mainly by inhibiting NF-kB activation in the
priming step'' ™. However, as shown in Fig. 3c and Fig. 3j, 30 min of rhein
treatment frustrated the activation of NLRP3 inflammasome while having
no significant influence on the expression of NLRP3 and pro-IL-1 in both
BMDMs and J774A.1 macrophages. So, we further checked the TNF-a
secretion, another iconic inflammatory factor downstream of NF-«B in both
BMDMs and J774A.1 cells. Consistent with the results of NLRP3 and pro-
IL-1B, 30-min treatment of rhein has no effect on TNF-a secretion in
BMDMs and J774A.1 cells (Fig. 5a, b). Moreover, the immunofluorescent
staining of the NF-«xB p65 subunit also showed that 30 min of rhein treat-
ment did not reduce the translocation of p65 from cytoplasmic to nuclear
induced by LPS combined with ATP (Fig. S5i). All these evidences
demonstrate that short-time treatment of rhein directly inhibits the acti-
vation of NLRP3 inflammasome without affecting the NF-kB pathway.
So, how does rhein inhibit the activation of NLRP3 inflammasome
exactly? Given that the duration of rhein treatment was only 30 min, we
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Fig. 3 | Rhein decreases NLRP3-dependent MAOA expression in macrophages.
a Immunoblots of Caspasel, IL-1B, MAOA in the iWAT and eWAT of DIO mice
under room temperature. b-g BMDMs were primed with LPS and then treated with
rhein or DMSO for 0.5 h and finally stimulated with ATP. b IL-1p levels detected by
ELISA in the supernatant of BMDMs. ¢ Immunoblots of IL-1p p17, Caspasel p20 in
culture supernatant and pro IL-1p, pro Caspasel, NLRP3, MAOA in the cell lysate of
BMDMs. d IL-1p and ASC immunofluorescent staining of BMDMs. Scale bar,

50 pm. e PI staining of BMDMs. Scale bar, 200 pum. f Percentage of PI-positive cells of
each field. g Percentage of ASC specks of each field. h J774A.1 macrophages were

primed with LPS and then treated with rhein or DMSO for 0.5 h and finally sti-
mulated with ATP. IL-1 levels in the culture supernatant were detected by ELISA.
i,jJ774A.1 macrophages transfected with si-Nlrp3 or si-Scramble were treated as (h).
i Maoa expression measured by qRT-PCR. j Immunoblots of IL-1f p17, Caspasel
p20 in culture supernatant and pro IL-1p, pro Caspasel, NLRP3, MAOA in the cell
lysate of J774A.1 macrophage. Data are presented as the mean + SD. Significance is
indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the corresponding
group. n.s. indicates no significance.

focused on the rapid biological processes that may affect NLRP3 activation,
especially post-translational modifications (PTMs) of proteins. Post-
translational modification refers to covalently binding functional groups
on the amino acid residues of specific proteins, thereby adjusting the sta-
bility, activity, localization, and intermolecular interaction of these proteins.
So far, the PTMs reported to influence NLRP3 inflammasome activation
include phosphorylation, acetylation, ubiquitylation, and sumoylation®.
We thus detected the levels of PTMs mentioned above in the whole-cell
lysates of BMDMSs and J774a.1 macrophages. As shown in Fig. 5¢, rhein only

decreased the acetylation level of NLRP3-activated macrophages. No sig-
nificant difference was observed in phosphorylation, ubiquitylation, and
sumoylation levels between rhein-treated and DMSO-treated macrophages,
which infers that rhein may influence the activation of NLRP3 inflamma-
some by altering the state of acetylation in macrophages.

Enzymes are the main regulators of post-translational modifications.
Acetylation of proteins is mainly catalyzed by lysine deacetylases (KDACs)
and lysine acetyltransferases (KATs)*. Rhein may probably adjust the
acetylation level of macrophages through these enzymes. In order to identify
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Fig. 4 | Rhein-mediated adipocyte thermogenesis is dependent upon the inhi-
bition of NLRP3 inflammasome in macrophages. a The workflow of macrophage-
adipocyte co-culture system. b, ¢ Ucp1 fold change measured by qRT-PCR in

b primary white adipocytes and ¢ 3T3-L1 derived adipocytes induced by NE gra-
dient. d, e TMRE staining of NE stimulated d primary white adipocytes and e 3T3-L1
derived adipocytes co-cultured with NLRP3 activated BMDM:s with or without rhein
treatment, Scale bar, 50 um. f, g Immunoblots of p-PKA substrate and UCP1 in

f primary white adipocytes and g 3T3-L1 derived adipocytes co-cultured with
BMDMs. h, i Gene expression profiles in NE stimulated h primary white adipocytes
and i 3T3-L1 derived adipocytes co-cultured with NLRP3 activated BMDM:s with or
without rhein treatment. Data are presented as the mean + SD. Significance is
indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the corresponding
group. n.s. indicates no significance.

the specific enzyme responsible for the acetylation-adjusting as well as
NLRP3-inhibiting effects of rhein, we employed an acetylome to analyze the
total cell extracts from NLRP3-activated J774A.1 macrophages with or
without rhein treatment (Fig. 5d). We totally identified 4581 acetylated sites
from 1927 proteins in the proteome, wherein 158 acetylated sites of 152
proteins met the rule of significant difference (p < 0.05 with fold change > 1.5
or <0.67). In view of the fact that NLRP3 inflammasome activation happens
mainly in the cytoplasm, we further gated 83 acetylated sites of 81 proteins
residing in the cytoplasm and put these proteins into the STRING database
with NLRP3 inflammasome components. Finally, we screened out 25
acetylated sites of 25 proteins altered significantly by rhein, residing in the

cytoplasm and related to NLRP3 inflammasome components (Fig. 5e, f).
We next put the cytoplasmic KDACs and KATs reported to have an
influence on NLRP3 activation into the STRING database together with the
25 proteins and counted the number of proteins connected with each
enzyme (Fig. S4e). As shown in Fig. 5g, sirtuin 2 (SIRT2) and histone
deacetylase 6 (HDACS), both obtained 9 connections, tied for the first place
of the most connected enzymes. Intriguingly, it is reported that both SIRT2
and HDACS are capable of deacetylating a-tubulin, and the acetylation of a-
tubulin directly mediates NLRP3 activation’”. We accordingly gauged the
acetylation of a-tubulin in BMDMs and found that LPS + ATP profoundly
increased the acetylation of a-tubulin while rhein treatment dramatically
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Fig. 5 | Rhein inhibits NLRP3 inflammasome activation in a SIRT2-

dependent way. a, b TNF-a levels of (a) BMDMs and (b) J774A.1 macrophages
primed with LPS and then treated with rhein or DMSO for 0.5 h and finally sti-
mulated with ATP. ¢ Immunoblots of phosphorylation, ubiquitylation, acetylation,
and sumoylation levels in the cell lysate of BMDMs and J774A.1 macrophages
treated as (a, b). d The workflow of acetylome analysis. e The Venn diagram of 152
proteins with a significant change of acetylation after rhein treatment. f Heat map of
25 NLRP3 inflammasome-related proteins among 152 proteins in (e). g Counts on

connections of 25 proteins in f to NLRP3-related cytoplasmic acetylation modifying
enzymes. h—j J774A.1 macrophages transfected with si-Sirt2 or si-Scramble were
primed with LPS and then treated with rhein or DMSO for 0.5 h and finally sti-
mulated with ATP. h PI-positive cells were detected by flowcytometry.

i Immunoblots of Caspasel, SIRT2 and acetylated a-Tubulin in cell lysate.

j Percentage of PI-positive cells in (h). Data are presented as the mean + SD. Sig-
nificance is indicated by **p < 0.01 compared to the corresponding group. n.s.
indicates no significance.

reduced the acetylation of tubulin (Fig. S5a). Considering that SIRT2
inhibits while HDAC6 promotes the activation of NLRP3 inflammasome,
we made the deduction that SIRT2 is more likely to be a pharmacological
target of rhein.

To confirm our hypothesis, we knocked down Sirt2 by si-Sirt2 in
J774A.1 macrophages and activated the NLRP3 inflammasome by LPS +
ATP with or without rhein treatment in these cells. The results showed that
the inhibitory capabilities of rhein on the activation of NLRP3 inflamma-
some (Fig. 5h—j; Fig. S5e) were impeded in Sirt2 knocked-down J774A.1
macrophages. In addition, the knockdown of Sirt2 also blunted the deace-
tylation of a-tubulin induced by rhein (Fig. 5i; Fig. S5¢), which indicates that

rhein inhibits NLRP3 inflammasome activation by SIRT2, and SIRT2-
mediated a-tubulin acetylation is likely responsible for the inhibitory effect
of rhein on NLRP3 inflammasome activation.

SIRT2 is a bona fide target of rhein

Although we have proved that rhein inhibits the activation of NLRP3
inflammasome in a SIRT2-dependent way, rhein did not alter the expres-
sion of SIRT2 in NLRP3-activated macrophages (Fig. 5i; Fig. S5d). There-
fore, we used AGK2 (a SIRT?2 inhibitor)-pre-treated BMDMs to examine
the influence of SIRT2 activity on the inflammasome-inhibitory effect of
rhein. As shown in Fig. 6a, b, pre-treatment of AGK2 impaired the
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Fig. 6 | SIRT2 is a bona fide target of rhein. a, b BMDMs were primed with LPS and
pretreated with SIRT2 inhibitor AGK2 for 2 h, and then treated with rhein or DMSO
for 0.5 h and finally stimulated with ATP. a IL-1p levels detected by ELISA in the
supernatant of BMDMs. b Immunoblots of Caspasel and acetylated a-Tubulin in
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with rhein at the indicated concentrations. e MST assays on cell lysate of HEK-293T
cells transfected with SIRT2-GFP incubated with rhein at the indicated concentra-
tions. f Merge of the catalytic domain and highly flexible region of SIRT2 captured
molecular dynamics simulations. g Keyframe of rhein-SIRT2 combination captured
in molecular dynamics simulations. The dashed lines represent hydrogen bonds.
Data are presented as the mean + SD. Significance is indicated by *p < 0.05 and
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inhibitory effect of rhein on a-tubulin deacetylation along with NLRP3
inflammasome activation, which indicates that rhein treatment probably
promotes the activity of SIRT2.

Considering that the activity of SIRT2 is nicotinamide adenine
dinucleotide” (NAD")-dependent, we further measured the intracellular
concentrations of NAD"™ and NADH”. However, rhein treatment changed
neither the absolute value of NAD™ nor the ratio of NAD* to NADH in
macrophages (Fig. 6¢; Fig. S5g, h), which means rhein does not affect the
activity of SIRT2 by adjusting intracellular NAD" levels.

Excluding the impact of NAD", we supposed that rhein might regulate
the activity of SIRT?2 by directly binding to it. We next utilized the surface
plasmon resonance (SPR) technique to detect the direct interaction between
SIRT2 and rhein. After normalizing to the solvent (DMSO), rhein directly
bound to the recombinant SIRT?2 protein in a dose-dependent manner (the

specific SIRT2 inhibitor AK-1 was used as a positive control) (Fig. 6d).
Micro-scale thermophoresis (MST) measurement also verified the high
affinity of rhein to SIRT2-EGFP with an estimated dissociation constant
(KD) of 0.60 uM (Fig. 6e).

We further employed molecular dynamics simulations to investigate
how the rhein-SIRT2 combination affects the conformation and the activity
of SIRT2. A total simulation of 100 ns was conducted on the rhein-SIRT2
system with NAD". The root-mean-square-deviation (RMSD) curve showed
that the rhein-SIRT2 system experienced two subtle disturbances (<0.05 nm)
at 21.2ns and 49.6 ns, then quickly equilibrated and finally stabilized at
0.4 nm (Fig. S6a). The radius of gyration (Rg) is an indicator of protein
compactness. Consistent with RMSD, Rg fluctuated at 17.00 ns and 41.60 ns,
which indicates a possible undergoing conformational changes of SIRT2 at
these time points (Fig. S6¢). The solvent-accessible surface area (SASA) of the
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Fig. 7 | Selective Sirt2 knockdown in myeloid cells impedes the metabolic-
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system descanted smoothly (Fig. S6d), indicates the gradual tightening of the
system. Root-mean-square-fluctuation (RMSF) was used to observe the
conformation of local sites. Cut off at +0.25 nm, the high flexible region
captured in SIRT2 includes amino acids 53-56, 99-114, 198-199, 201-202,
295-304, 312-313, and 352-356 are right in the catalytic domain of SIRT2*
(presented in red, Fig. 6f). The key frame of rhein-SIRT2 is shown in Fig. 6g.
Until the end of the simulation, the number of hydrogen bonds in the system
had significantly increased (Fig. S6e). These results all support that the rhein-
SIRT2 combination alters the conformation of the catalytic domain of SIRT2,
which explains the promotion of SIRT2 catalytic activity by rhein.

Macrophage SIRT2 is required for rhein-induced WAT
thermogenesis

To investigate whether the beneficial effect of rhein on metabolism depends
on SIRT2 in macrophages, we ablated Sirt2 expression in myeloid cells by

caudal vein injection of adeno-associated virus expressing double-floxed
inverse orientation-Sirt2 short hairpin RNA (rAAV-DIO-shSirt2) to Lyz2-
iCre mice and then administered these mice with rhein (Fig. 7a). Compared
with the scrambled control, rAAV-DIO-shSirt2 injection significantly
down-regulated Sirt2 expression in the SVFs isolated from iWAT and
eWAT (Fig. S7a, b). As shown in Fig. 7b, though myeloid Sirt2 knockdown
(KD) did not affect the body weight of both the NC and the HFD mice
significantly, rhein treatment failed to reduce the gain of body weight in the
mice with selective Sirt2 KD in myeloid cells. Inconsistent with the change of
body weight, the myeloid Sirt2 KD mice presented impaired glucose as well
as insulin tolerance compared to the scrambled controls under the condition
of HFD (Fig. 7, d). However, the improving effects of rhein on glucose and
insulin tolerance were still blunted in the myeloid Sirt2 KD mice (Fig. 7c, d).
Myeloid Sirt2 KD also blunts the effect of rhein on reducing circulating
NEFA (Fig. S7¢).
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We further examined the state of adipose tissue thermogenesis in the
myeloid Sirt2 KD mice with or without rhein treatment. The rectal tem-
perature of the mice with selective Sirt2 KD in myeloid cells showed no
difference among the NC, HFD, and HFD + Rhe groups, regardless of
whether at room temperature or under cold stimulation (Fig. S7d, e).
Compatible with our previous findings, rhein treatment significantly
upregulated UCP1 abundance in both iWAT and eWAT of scrambled
controls fed with HFD but failed to do so in neither iWAT nor eWAT of the
myeloid Sirt2 KD mice (Fig. 7e, f; Fig. S7f, g). These results confirm the
essential role of macrophage SIRT2 in rhein-mediated white adipose tissue
thermogenesis and the related improvement of metabolism.

In summary, our data demonstrate that rhein inhibits NLRP3
inflammasome activation by promoting SIRT2 activity in macrophages, and
thus improves adipose tissue thermogenesis in the context of obesity (Fig. 8).

Discussion

Broadly, adipocytes are divided into either white or brown. White adipo-
cytes are demarcated by large unilocular lipid droplets with relatively few
mitochondria and are commonly regarded as the classic ‘energy warehouse’
of the body. Brown adipocytes possess high-density mitochondria as well as
small multilocular lipid droplets, dissipating energy in the form of heat
through abundant UCP1 on the inner mitochondrial membrane®. Adi-
pocytes typically reside in different depots known as brown adipose tissue
and white adipose tissue. Various stimuli, including adrenergic activation
and cold exposure, induce the generation of a subset of adipocytes residing
in WAT with similar morphology and thermogenesis function to brown
adipocytes named beige adipocyte™. Compared with BAT thermogenesis,
the beginning of WAT represents a more appealing concept for combating
obesity, for BAT may not even exist in adult patients with obesity™. Herein,
we demonstrated that rhein elevates the thermogenesis capacity of both
visceral and subcutaneous white adipose tissue in DIO mice, and thus
improves the metabolic disorders induced by obesity. Our data indicate the
potential of rhein in mitigating obesity and its related metabolic disorders.

Though monumental progress in the development of medications
promoting adipose tissue thermogenesis has been achieved, rare of them are
now truly used in clinical practice, for adipose thermogenesis is not always
beneficial”’. In cancer cachexia, burn injuries, sepsis, and drug-induced
malignant hyperthermia, it is widely accepted that persistently active adi-
pose tissue thermogenesis and the accompanying hyperthermia, as well as
the hyper-catabolic condition, are vital contributors to insulin resistance,
ectopic lipid deposition, arrhythmia and even death™. On the other hand,
while mirabegron, a f3-adrenergic receptor agonist, has been proven to be
adipose tissue thermogenesis-promoting and insulin sensitivity-improving
in young healthy adults, researchers are paying boosting attention to the
possible cardiovascular detrimental effects of adrenergic receptor agonizts in
the patients with metabolic diseases and elderly patients, especially in the
context that dose of mirabegron required to promote adipose tissue ther-
mogenesis (100 mg qd) is much higher than the recommended dose
approved by the FDA for the treatment of overactive bladder”. Therefore,
effective as well as safe strategies for promoting adipose tissue thermogenesis
are still unexplored. Here, we showed that rhein promotes WAT thermo-
genesis by inhibiting the activation of NLRP3 inflammasome in macro-
phages, and thus mitigates the metabolic disorders induced by obesity.
Rhein’s effect on promoting thermogenesis by reducing metabolic inflam-
mation, to a certain extent, avoids the possible cardiovascular adverse events
and the risks brought by unlimited thermogenesis, which makes rhein a
promising drug to treat obesity via promoting thermogenesis.

In this study, we also confirmed that rhein directly binds to the SIRT2
protein and inhibits the activation of NLRP3 inflammasome in a SIRT2
activity-dependent way. As a member of the KDACs, SIRT2 was proven to
suppress NLRP3 inflammasome activation through deacetylating NLRP3
and a-tubulin™*. But, the acetylation of both NLRP3 and a-tubulin was not
captured by LC/MS-MS. It is worth noting that although LC/MS-MS is
widely used for high-throughput detection of PTMs, information on mod-
ifications may be lost due to the limitations of cleavage sites of trypsin. Thus,

immunoblots with antibodies targeted to specific acetylated lysine remain the
most accurate way to detect the specific acetylation of a protein currently. In
this study, after targeting SIRT?2 as the drug target, we detected the acetylation
of a-tubulin using an anti-a-tubulin (acetyl lys40) antibody and identified
that rhein reduces the acetylation of a-tubulin induced by LPS + ATP in a
SIRT2-dependent way as well. However, we failed to detect the acetylation of
NLRP3 in NLRP3-activated J774A.1 macrophages (Fig. S5f), possibly due to
the differences in cell type and experimental condition (glucose starvation was
not employed in our research). Nevertheless, this does not matter our con-
clusion. Moreover, we screened out 25 proteins related to inflammasome
components from quantitative acetylome analysis. Their acetylation could be
regulated by rhein and is associated with a variety of biological processes
(Fig. 5e, f; Fig. S4a—d). We took the interactions between these 25 proteins and
acetylation-modifying enzymes as a clue and identified SIRT2 as the drug
target of rhein. Yet, there is still a lack of reports on the relationship between
the acetylation of some of these proteins and the activation of NLRP3
inflammasome, which deserves further exploration.

SIRT?2 exists in multiple types of cells, and rhein may interact with
SIRT?2 in all these cells theoretically. However, our study demonstrates that
rhein regulates SIRT2 predominantly in macrophages at clinically relevant
doses, because the knockdown of Sirt2 selectively in myeloid cells abrogates
the beneficial effects on metabolism of rhein in DIO mice. It has been
reported that SIRT2 regulates adipocyte differentiation and lipolysis in
adipocytes*"*>. Thus, we cannot exclude the possibility that higher doses of
rhein may target SIRT2 in adipocytes directly to affect metabolism. On the
other hand, the diversity of SIRT2’s catalytic substrates may be the basis for
the wide range of rhein’s pharmacological actions. For example, it was
reported that rhein treatment directly downregulates the expression of
peroxisome proliferator-activated receptor-y (PPAR-y) in 3T3-L1 pre-
adipocytes and thus impairs adipocyte differentiation”. Meanwhile, SIRT2
has also been proven to suppress PPAR-y expression in adipocytes through
deacetylating FOXO1***. Similarly, the inhibitory effect of long-time rhein
treatment on NF-«B activation may rely on SIRT2-catalyzed acetylation of
NF-kB p65 subunit*. Moreover, Sheng et al. reported that high doses of
rhein failed to neither reduce the body weight nor increase UCP1 expression
in brown adipose tissue in DIO mice with liver X receptor (LXR) knockout,
and they speculated that might be caused by rhein-LXR interaction”.
However, recent studies also confirmed that SIRT2 knockdown also sig-
nificantly inhibits the PPARs/LXRa pathway in bovine ovarian granular
cells®. Taken together, the evidence above reminds us that diverse phar-
macological properties of rhein may be explained by the action of SIRT2,
and rhein may be introduced into the wide application for more disorders by
regulating STRT2.

However, there are still several limitations in this study. Firstly, while
we observed that rhein promotes UCP1 expression in an NE-dependent way
in the co-culture system, we were unable to get the accurate quantity of NE
directly using HLPC either in culture supernatant or adipose tissue due to
the extremely short half-life of NE. Secondly, due to the restriction of the
transwell co-culture system, we were unable to perform seahorse analysis on
adipocytes to measure the condition of proton leak directly. Finally, because
of the strong reducibility and spontaneous fluorescence of rhein, existing
commercial STIRT?2 activity detection kits are not appropriate to be employed
to evaluate the impact of rhein on SIRT? activity.

In conclusion, our results elucidate that rhein promotes white adipose
tissue thermogenesis by inhibiting the activation of NLRP3 inflammasome
in macrophages during obesity. Furthermore, we reveal that rhein directly
binds to SIRT2 protein and inhibits the activation of NLRP3 inflammasome
in a SIRT?2 activity-dependent manner. These findings uncover the mole-
cular mechanism underlying the beneficial effect of rhein on metabolism,
suggesting that rhein may become a potential drug for treating obesity.

Methods

Reagents and materials

The materials and reagents used in this article are listed in Supplemen-
tary Data 1.
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Fig. 8 | Graph summary. During obesity, rhein promotes adipose tissue thermo-
genesis by suppressing the activation of NLRP3 inflammasome in adipose tissue-
resident macrophages. Furthermore, SIRT2 is a direct molecular target of rhein, and
rhein inhibits the activation of NLRP3 inflammasome and promotes adipose tissue
thermogenesis in a macrophage SIRT2-dependent manner.

Mouse models

The animal experiments were conducted in accordance with the provision
and general recommendation of Chinese experimental animal adminis-
tration legislation, and the detailed protocols were approved by the ethics
committee of Nanjing University of Chinese Medicine (permit number:
202010A033). Six-week-old C57BL/6 ] male mice (SPF grade) were pur-
chased from SLAC Company (Shanghai, China), and 6-week-old C57BL/
6]Gpt-Lyz2"™"“9/Gpt male mice (SPF grade) were purchased from
GemPharmatech Company (Nanjing, China). The animals were kept under
an environment of 22 + 2 °C, 12-h light-dark cycles, and relative humidity
of 50 £ 15%. Sterile water was given ad libitum during the whole experiment.
We have complied with all relevant ethical regulations for animal use.

C57BL/6 ] male mice were randomly divided into 2 groups following
1-week acclimatization after importing into the facility. A standard normal
chow diet (NC, Research Diet, Cat# D12450]) and a high-fat diet (HFD,
Research Diet, Cat# D12492) were provided to the corresponding group for
12 weeks to generate DIO models. DIO mice were further divided into the
HFD group and the HFD + Rhein group randomly, and given 10 mg/kg
rhein or solvent (0.05% CMC-Na) with a corresponding volume per day by
gavage for 28 days. Body weight was measured daily.

Similarly, C57BL/6]Gpt-Lyz2™ “"“9/Gpt male mice were given NC
or HFD following 1-week acclimatization. At the end of the 8™ week of DIO
modeling, NC and HFD mice were randomly divided into 2 groups sepa-
rately and injected with rAAV-DIO-shScramble or rAAV-DIO-shSirt2 via
tail vein and continuously given NC or HFD for 4 weeks to finish the 12-
week DIO modeling before 28-day rhein treatment.

Cell culture

3T3-L1 cells were maintained in Dulbecco’s modified eagle medium
(DMEM) with 10% fetal bovine serum (FBS). Upon meeting complete
confluence, the cells were induced to mature adipocytes by 2-day treatment
of induction A (DMEM with 10% FBS with 0.5 mM 3-isobutyl-1-methyl-
xanthine, 1 uM dexamethasone and 1.67 uM insulin) followed by 2-day
treatment of induction B (DMEM with 10% FBS with 1.67 uM insulin) and
2-day treatment of DMEM with 10% FBS. J774A.1 cells were maintained in
DMEM with 10% FBS, and 3 to 10 passages of J774A.1 cells were used to

conduct the experiments. Mouse primary white adipocytes differentiated
from SVFs of iWAT isolated from newborn (3-7 day old) C57BL/6 ] mice.
Post-confluent cells were induced to mature white adipocytes by 2-day
treatment of induction A (DMEM with 10% FBS with 0.5 mM 3-isobuthyl-
1-methylxantine, 1 uM dexamethasone and 170 nM insulin) followed by
2-day treatment of induction B (DMEM with 10% FBS with 170 nM
insulin). Bone marrow-derived macrophages were isolated from 6-week-old
C57BL/6 ] male mice and induced to be mature by macrophage colony-
stimulating factor (M-CSF)’.

Calculations for clinically relevant doses of rhein

According to the recommended dosage of diacerein clinically (100 mg/
day =0.272 mol/day), the dosage of rhein recommended for humans is
77.17 mg/day. The conversion of human doses to animal equivalent doses is
recommended to conduct based on body surface area. The clinically relevant
dose of rhein in mice =77.17 mg/day x 0.0026 (the conversion factor) +
0.02 kg (assumes 0.02 kg mouse) = 10.03 mg/kg per day. We finally took the
concentration of 10.00 mg/kg per day for the advantage of operation.

Metabolic cages

Energy expenditure, food intake, drink consumption and physical activities
of mice were determined with TSE phenomaster animal monitoring system
(TSE, Germany). The mice were acclimated to the system for 48 h before
formal testing with free access to food and water. The data of whole-body
energy expenditure was normalized with body weight.

Cold exposure test

After 12 h of fast, mice were stored in a cold room (4-8 °C) to test their cold
tolerance, and the mice had free access to water during this period. Rectal
temperatures were measured at 0, 30, 60, 90, 120 and 270 min using a digital
thermometer (TH212, China) to represent the core body temperature.

GTTs and ITTs

In glucose tolerance tests (GTTs), mice were administered 2.5 g/kg of glu-
cose solution by gavage after a 12-h fast. In insulin tolerance tests (ITTs),
0.75 TU/kg of insulin (WanBang, China) was intraperitoneally injected into
mice after a 6-hour fast. Blood glucose was monitored by pricking the tail at
the time points of 0, 15, 30, 60, 90 and 120 min with a glucometer.

Macrophage preparation and stimulation

To observe the influences of rhein on NLRP3 inflammasome activation in
BMDMs, the cells were primed with 100 ng/mL LPS for 12h and then
treated with rhein or solvent (DMSO) for 0.5 h and finally stimulated with
3 mM ATP for 30 min or 1.5 mM nigericin for 1 hor 0.5 g/L MSU for 4 h.In
J774A.1 cells, the second stimulation was 4 mM ATP for 30 min. siRNAs
were purchased from GenePharma Company (Shanghai, China) and were
transfected into J774A.1 cell via RNAiMax priming according to the
manufacturer’s instructions 48-60 h prior to LPS (si-RNA sequences are
listed in Table S1).

Adipocyte preparation and stimulation

Mature white adipocytes induced from mice SVFs or 3T3-L1 pre-adipocytes
were starved with DMEM with 0.2% bovine serum albumin (BSA) for 24 h
prior to use. In Fig. 4B, C, adipocytes were treated with NE gradient for 1 h
before mRNA sample collection.

Construction of macrophage-adipocyte co-culture system

As illustrated in Fig. 4A, BMDMs were seeded and induced in the culture
inserts (Transwell permeable supports, 0.4um polyester membrane, Coring)
while mouse SVFs or 3T3-L1 pre-adipocytes were seeded and induced in the
corresponding well plates. BMDMs and mature white adipocytes induced
from mouse SVFs or 3T3-L1 pre-adipocytes were prepared as described
above. Upon adding ATP to the culture inserts, adipocytes were stimulated
with NE simultaneously, and culture inserts were quickly put into adipocyte
culture plates for the 1-hour co-culture.
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Micro-CT scan and analysis

Mice were anesthetized with isoflurane and scanned by Quantum GX
micro-CT imaging system (PerkinElmer, US), and the data were analyzed
with Analyze 12.0 (PerkinElmer, US).

NEFA analysis
Serum NEFA levels of mice were tested by biochemical examination kits
(Wako, Japan) according to the manufacturer’s instructions.

Viability assay
BMDMs and J774A.1 cells were seeded in 96-well plates for 24 h before
being treated with rhein gradient or DMSO for another 24 h. The cell
counting kit-8 (CCK8) assay was employed for cell viability estimation
according to the manufacturer’s instructions for the CCKS8 kit
(Dojindo, Japan).

qRT-PCR

Total RNA was prepared from a tissue or cell sample with a total RNA
extraction reagent (Vazyme, Nanjing) following the manufacturer’s
instructions. cDNA was generated using PrimerScript RT reagent Kit
(Vazyme, Nanjing). qRT-PCR was performed on the 7500 Real-Time PCR
System (Applied Biosystems, US) using ChamQ SYBR qPCR Master Mix
(Vazyme, Nanjing). Primers used for QRT-PCR are listed in Table S1.

ELISA

The culture supernatant of macrophages was collected and centrifuged at
300g for 10 min to remove the pellets. The following steps were performed
according to the manufacturer’s instructions. The IL-1p concentration was
tested by a mouse IL-1f valukine ELISA kit (Novus, US) or mouse IL-1p
ELISA kit (MutiSciences, China). The IL-1p concentration was tested by a
mouse TNF-a ELISA kit (MutiSciences, China).

Immunoprecipitation and immunoblotting

For immunoblots of cell culture supernatant, trichloroacetic acid was used
to precipitate the proteins from the culture supernatant, and the pellets were
resuspended in the loading buffer. Immunoprecipitation and immuno-
blotting analysis were performed following a standard protocol’. The dilu-
tion of each antibody are described in Supplementary Data 1.

Immunofluorescence

BMDMs were seeded and treated as described in CellCarrier-96 black plates
(PerkinElmer, US). 4% paraformaldehyde was used to fix the cells, followed
by 0.1% Triton treatment and 5% BSA block. Immunofluorescence staining
was conducted according to the standard protocols of the antibodies.
Finally, Operetta High content screening (HSC) system (PerkinElmer, US)
was employed for image capture and analysis.

TMRE staining

Adipocytes were stained with 1 uM pre-warmed TMRE dye (MedChem-
Express, US) for 15 min after the co-culture. Cell images were captured by
the fluorescence microscope (Leica, Germany), and the fluorescence
intensity was measured by the microplate reader (PerkinElmer, US).

Pl staining

Macrophages were stained with 20 uM pre-warmed PI solution for 10 min
after ATP stimulation. For flowcytometry, cells from the supernatant were
also collected and stained with PI. Cell images were captured by the fluor-
escence microscope (Leica, Germany), and flowcytometry was conducted
with the flowcytometer (BeckmanCoulter, US).

Micro-scale thermophoresis (MST) assay

Plasmid encoding SIRT2-EGFP was transfected into HEK-293T cells 3 days
prior to the MST analysis. RIPA buffer (Millipore, US) with protease
inhibitor was used to acquire the cell lysate, and the protein concentration

was measured by the BCA assay (Thermofisher, US). Rhein was diluted to a
gradient, and the runs were conducted and the data were analyzed following
the manufacturer’s instruction of Monolith (NanoTemper, Germany).

Surface plasmon resonance (SPR) assay

Experiments were performed at 25 °C on the Reichert 4 SPR (Reichert, US)
using the SR7000 gold sensor slide. Briefly, the sensor slide was activated by
carbodiimide and N-hydroxysuccinimide, and human recombinant SIRT2
protein (CaymanChemical, US) was diluted in acetate solution pH 4.0 and
immobilized on the surface of one channel of the sensor with a neighboring
channel serving as a reference. The channels were blocked with 1 M etha-
nolamine. Rhein was diluted to a gradient, and the runs were conducted
following the manufacturer’s instructions. Finally, the data were analyzed
using Trace Drawer software (Reichert, US).

Acetylome analysis

The acetylome analysis was performed by PTM-Biolabs (Hangzhou,
China). Briefly, the cell lysate was digested twice with trypsin at 1:50 trypsin-
to-protein mass ratio and 1:100 trypsin-to-protein mass ratio respectively,
and the peptides were further desalted by C18 SPE column. To enrich
modified peptides, the pre-washed antibody beads (PTM Bio, Cat# PTM-
104) were incubated with tryptic peptides (dissolved in NETN bulffer) at
4°C overnight, and then 0.1% trifluoroacetic acid was used to elute the
bound peptide from the beads. Finally, the eluted fractions were combined,
vacuum-dried, desalted, and resuspended for the LC-MS analysis. The
results were analyzed with the MaxQuant search engine (v.1.6.15.0). The
screening of differential modification sites followed the criteria of p < 0.05
with a fold change > 1.5 or <0.67. The NLRP3 inflammasome components-
related proteins and the protein-protein connections were identified using
the STRING database (active interaction sources: textmining, experiments,
databases, co-expression; minimum required interaction score: 0.180). Gene
Ontology (GO) annotation was derived from the UniProt-GOA database.
Wolfpsort was used for the predication of protein subcellular localization.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used
to annotate protein pathways.

Molecular dynamics simulations

The SIRT2 protein sequence was acquired from UniProt (Q8VDQ8), and
the parts with low modeling quality at the N-terminal (residue 1-51) and
C-terminal (367-389) were removed, and the removed regions are not in the
protein function domain of SIRT2*. Rhein structure was obtained from
PubChem (10168). Structural optimization and charge calculation were
carried out using Orca under B3LYP/ 6-31 G* conditions™. The semi-
flexible docking of SIRT2 and rhein was performed by Smina"*. The
docking box was set to completely envelop SIRT2, and the exhaustiveness
was set at 20. Molecular dynamics simulations were run by GROMACS
2019.6”. The protonation states of proteins were determined by the
PROPKA3. The initial conformation for molecular dynamics simulations
was the result of docking. Amber14sb was chosen as the protein force field™.
The GaFF2 was chosen as the force field for NAD™ and Rhein™. The TIP3P
water model was adopted to establish the water box (with the edge of the
water box at least 1.2 nm away from the protein edge), and Na*/Cl~ was
added to balance the system (0.15 mol/L). The cut-off of Coulomb force and
Van der Waals radius were both set to 1.4 nm. Particle-mesh Ewald (PME)
was used to treat electrostatic interactions within 0.16 nm, and the steepest
descent method was used to minimize energy with the maximum number of
steps (50,000 steps). Finally, the molecular dynamics simulations were run
for 100 ns in total, and the energy and position coordinates were recorded
every 20 ps. The structure of the wild-type SIRT2 with NAD* was obtained
by a 50 ns molecular dynamics simulation. The time step of molecular
dynamics simulations was 2 fs. The cutoff of non-bond interaction was set to
10 A. The simulation temperature was controlled to 300K using the
V-rescale temperature coupling method, and the pressure was controlled to
1 bar using the Berendsen method.
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Statistics and reproducibility

Statistical analysis was performed using Prism 9.0 (GraphPad, US). A
comparison between 2 groups was conducted by Student’s ¢ test or Welch’s ¢
test based on the homogeneity of variance. Comparison among groups of
more than 2 was performed using a one-way analysis of variance (ANOVA)
followed by Tukey’s test. Data are presented as the mean + standard error
(SD). Significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001 com-
pared to the corresponding group. n.s. indicates no significance. The
numbers of repetitions are shown in the corresponding legends, and a
biologically independent sample was employed for each repetition.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The raw data of the acetylome has been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the identifier
PXD044992. Uncropped and unedited blot images are shown in Figs. S8-14.
The files of the initial coordinate, simulation input, and the protonation state
from the molecular dynamics simulations are uploaded as Supplementary
Data 2. Source data for charts and graphs can be found in Supplementary
Data 3. The publication license of figures created using Biorender is
uploaded as Supplementary Data 4. Additional data are available from the
corresponding author upon request.
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