The natural product rotundic acid treats both aging and
obesity by inhibiting PTP1B
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The occurrence of obesity is associated with age. But their interplay remains mysterious. Here, we discovered that
rotundic acid (RA), a plant-derived pentacyclic triterpene, was a powerful agent for both anti-aging and treating obe-
sity. Considering that obese individuals decrease the appetite-suppressing and energy-expenditure-enhancing func-
tions of leptin leading to obesity, we found RA was a leptin sensitizer, evidenced by observations that RA enhanced
the leptin sensitivity to normal diet-induced obese (DIO) mice, and had minimal or no use to normal lean mice, leptin
receptor-deficient (db/db) mice, and leptin-deficient (ob/ob) mice. Simultaneously, RA significantly increased energy
expenditure, BAT thermogenesis, and glucose metabolism in DIO mice, as the results of enhancing leptin sensitivity.
Regarding mode of action, we demonstrated that RA is a noncompetitive inhibitor of leptin negative regulators protein
tyrosine phosphatase 1B (PTP1B) and T-cell PTP through interaction with their C-terminus, thus leading to weight loss
through enhancing leptin sensitivity. Besides, we showed that deletion of yPTP1 in yeast completely abolished the
lifespan extension effect of RA, celstrol, and withaferin A, while these compounds exhibited PTP1B inhibition activity.
Furthermore, PTP1B knockdown extend lifespan in yeast and human cells, indicating PTP1B is an important factor
regulating cellular aging.

Introduction Leptin is an adipocyte-derived hormone critical for both
energy homeostasis and body weight control [6, 7]; leptin acts on
neurons in brain areas such as the hypothalamus, hippocampus,
and brain stem, and regulates food intake, thermogenesis, energy
expenditure (EE), and homeostasis of glucose/lipid metabolism.
Aberrantly increased circulating leptin levels are common in obese
individuals, and such increases are used as a biomarker of leptin
resistance. Leptin resistance—defined as a reduced sensitivity or
a failure of the brain to respond to leptin—decreases the appe-
tite-suppressing and energy-expenditure-enhancing functions of
leptin, resulting in increased food intake and finally causing obe-
sity, CVDs, and other metabolic disorders. Notably, the hyperlep-
tinemic state of obesity can be leveraged for therapeutic purposes
by increasing leptin sensitivity [8, 9]. There are reports of leptin
resistance is also observed in aged individuals [10, 11]. Older

The probability of being obese is positively correlated with
human age [1]. Obesity and aging share a similar spectrum of
phenotypes including impaired mitochondrial function, weak-
ened immunity, shifts in tissue and body composition, and
enhanced systemic inflammation. Adults with obesity are at
higher risk of a number of age-related conditions and diseases
including cardiovascular disease (CVD), hypertension, type 2
diabetes mellitus, and cancer [2, 3]. Increasing abdominal obe-
sity, often observed in the process of aging, is understood as a
major contributor to insulin resistance and metabolic syndrome.
Moreover, it has been shown that obesity increases the risk of
premature death by 1.45 to 2.76-folds, and shortens lifespan by
up to 20 years [4, 5]. Thus, obesity apparently accelerates aging
at multiple levels.
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individuals have higher leptin mRNA levels than young ones.
Studies on resistance to leptin administration revealed that old
rats (30 months of age) with elevated adiposity presented 3-fold
greater endogenous serum leptin levels than young individuals
(6 months of age) [12, 13]. Youth is associated with sensitivity to
leptin, while aging is linked with a failure in leptin action, inde-
pendently of obesity or body fat distribution [13, 14]. Such clues
imply that perturbation of leptin may modulate aging, although
this supposition has not been experimentally demonstrated with a
modulatory agent [15].

PTPs such as PTP1B or T-cell PTP (TCPTP) participated in
leptin receptor signaling. PTP1B is a tyrosine phosphatase that
dephosphorylates Janus-activated kinase (JAK)-2 to suppress
the activating tyrosine phosphorylation of the growth-related tran-
scription factor STAT3 [16]; while hypothalamic PTP1B knockdown
or administration of PTP1B inhibitors enhance leptin sensitivity,
decrease weight gain, and improve insulin sensitivity in rodent
models of obesity [17, 18]. At the same time, studies have shown
that PTP1B was downregulated by SIRT1 which played important
role in improving health during aging [19]. Resveratrol improves
insulin sensitivity by repressing PTP1B and extends the lifespan
of diet-induced obese (DIO) mice [20, 21]. These findings pro-
mote the view that PTP1B may be a promising target for treating
obesity, diabetes, and aging. TCPTP, is closely related to PTP1B,
sharing a high degree of primary (72% identity) and tertiary struc-
tural similarity [22]. Hypothalamic TCPTP levels are increased in
obesity acting together with elevated PTP1B in the attenuation
of leptin signal and the development of cellular leptin resistance.
Inhibition of TCPTP in C57BL/6 mice enhanced leptin-induced
hypothalamic STAT3 signaling and increased the effects of leptin
on body weight and EE [23].

Some natural compounds exert both anti-obesity and anti-ag-
ing effects, such as berberine increases EE, limits weight gain,
enhances brown adipose tissue (BAT) activity, and extends lifes-
pan [24, 25]; urolithin A exerts anti-obesity in mice and prolongs
lifespan in C. elegans [26, 27]. More and more natural compounds
have shown dual activity in resisting obesity and prolonging the
lifespan. Rotundic acid (RA), a pentacyclic triterpenoid com-
pound, exerts anti-inflammatory, cardio-protective, and anti-tumor
effects [28, 29]. Here, we report that RA is a powerful agent to
treat both aging and obesity. We demonstrate that RA confers
135% lifespan extension in yeast and 16.2% extension in mice.
In the DIO model, we found that RA treatment of these hyperlep-
tinemic mice suppressed food intake while increasing both BAT
thermogenesis and white adipose tissue (WAT) browning, EE
and improving glucose metabolism, finally leading to 26% weight
loss in the DIO model mice. Mechanistically, we discovered that
these effects result from RAs noncompetitive inhibition of PTP1B
and TCPTP activity, which increased leptin and insulin sensitivity.
As expected, RA had no weight-reducing effect on leptin recep-
tor-deficient (db/db) mice, leptin-deficient (ob/ob) mice, or normal
lean mice. Notably, considering the anti-aging effect of RA, we

Life Medicine, 2022, Volume 1

confirmed that PTP1B knockdown extends the lifespan. Taken
together, our study demonstrates how RA functions as a leptin
sensitizer and illustrates its promising applications as a promising
agent for treating aging and obesity.

Results

RA significantly extends the lifespan of yeast and mice

The genesis of this study was the use of our newly developed
deep learning-based efficacy prediction system (DLEPS) [30]
to computationally screen for potential anti-aging compounds.
DLEPS used the disease-specific gene signatures to calculate an
enrichment score similar to that in connectivity map [9]. Herein,
since muscle is an important indicator of aging and also plays a
critical role on sugar and fat metabolism, we finally used up/down
aging gene signatures analyzed from aged and young human
muscles [31] (Fig. STA) to explore the lifespan extending’s effect
of drugs. We then picked three top-ranked small molecules (Fig.
1A) for experimental validation.

We first employed a microfluidic chip-based device, mounted
on a time-lapse microscope, to measure the replicative lifespan of
yeast [32]. Specifically, cells were taken from solid YEPD media
and incubated in the SD media for 20 h, harvested, and loaded
onto the chip, where the cells were continuously incubated with SD
medium with or without drugs, and were monitored continuously
with microscopic imaging for 48 h. We tested three small mole-
cules, among which the pentacyclic triterpene RA (Fig. S1B) was
able to significantly extend the yeast lifespan. Subsequent assess-
ment of lifespan in the presence of 3.125, 6.25, 12.5, 25, 50, or
100 pM RA showed that all of the tested concentrations signifi-
cantly extended the lifespan of yeast to a similar extent (14.8-19.35
generations and 103%—-135%, Fig. 1B), although the maximum
detected increase was for the 12.5 yM dose (corresponding to the
extension of 19.35 generations and 135%; Fig. 1B). We also noted
that the proportion of cells displaying long cell-cycle duration was
significantly reduced by RA treatment (green-colored cells in Fig.
1C). Based on these results, we then checked the anti-aging effects
in the WI-38 human embryonic lung fibroblast cell line, since it has
been a cell line commonly using in the study of aging. Notably,
12.5 pM RA showed stronger effects on proliferation of senescent
WI-38 cells (PD40; Fig. S1C). We further performed SA-3-gal stain-
ing to assess cellular senescence, revealing that RA significantly
reduced SA-B-gal staining after 24 h in WI-38 cells (Fig. 1D).

Next, we tested if RA could extend the lifespan of mice. We
started with 16-month-old C57BL/6J male mice and divided them
randomly into the control and treatment groups. We observed
that RA significantly extends the mean (median) lifespan of mice
by 126 (135) days and 16.2% (14.3%), from 776 (946) days to
902 (1081) days (Fig. 1E, left), equivalent to human 11.9 years,
using 73.6 years as the mean human lifespan [33]. Residual lifes-
pan analysis showed that RA treatment extended the mean and
median lifespan values by 29.0% and 44.2% (See Methods for
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Figure 1. RA significantly extended the lifespan of yeast and naturally aged mice.

(A) Prediction of anti-aging efficacy using a DLEPS. Red dots indicate tested small molecules. (B and C) Effects of RA on the lifespan of
yeast. (B) RA-treated mother cells showed an extended replicative lifespan by 14.8—-19.35 generations (103%—135% extension) as compared
to wild-type cells in SD medium at 3.125, 6.25, 12.5, 25, 50, and 100 pM (The lifespan of 120 yeast cells were counted for each group). (C)
Mother cell budding profiles of wild-type and RA-treated cells, showing cell-cycle duration and heterogeneity (see exponential color scale; cell
cycles with durations 1.4 h or less were colored in purple; The lifespan of 120 yeast cells were counted for each group). The x-axis displays
individual mother cells shown as vertical bars. (D) WI-38 cells stained for SA-B-gal following DMSO, 5, 10, 20 pM RA and 1 mM Nicotinamide
mononucleotide (NMN; positive control) treatment. The scale bar indicates 200 pm, n = 3 per group. P values were determined by a one-way
ANOVA test. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (E-I) 16-month-old mice were treated with vehicle (n = 19) or RA (n = 10) 1
week a month for 6 months. (E) The survival curve of mice treated with RA or vehicle control, starting from birth (left); from the treatment (right),
shaded windows showed the administration periods. (F) The representative pictures of 20 months of naturally aged mice treated with 40 mg/
kg RA show differential fur density. (G) Grip strength, (H) Discrimination index in the object recognition test. (I) The change in body weight in

mice treated with 40 mg/kg RA.

details), respectively (Fig. 1E, right). We also observed that the
RA-treated animals had denser fur that had a relatively more lus-
trous appearance compared to the control mice (Fig. 1F). We fur-
ther detected that RA treatment led to significantly improved grip
strength (Fig. 1G) and significantly delayed decline for discrimina-
tion index (DI) values in an object recognition test (Fig. 1H), and
we observed no differences between control vehicle-treated and
RA-treated aging mice in Y maze test (Fig. S1D). Thus, RA treat-
ment can significantly extend the lifespan of yeast, human cell,
showing potential anti-aging effect for mice.
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RA ameliorates obesity in DIO mice

During the administration of RA, we surprisingly found that
RA-treated mice had a weight-reducing effect (Fig. 11). We
thus planned the following experiments to assess its apparent
anti-obesity effects: we treated two groups of DIO model mice,
with mean body weights equal to 38 and 58 g, with either vehicle
or RA (40 mg/kg; intraperitoneally injection, daily for 2 weeks). RA
treatment significantly reduced body weights in both groups (Fig.
2A and 2B, 2D and 2E). At the end of treatment, the body weight
of the RA-treated DIO mice in these two groups were respectively
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Figure 2. RA acts as an anti-obesity agent on high fat diet-induced obese mice.

DIO mice (body weight ~38 g) were treated daily with vehicle or RA (10/20/40 mg/kg) via intraperitoneal (i.p.) injection for 2 weeks. (A) Body
weight (g) and (B) Percent decrease (%) in body weight during treatment (n = 5-7 for each group). (C) Daily food intake (in grams) of DIO mice
during the 2 weeks of treatment (left). Average food intake of DIO mice (right) (n = 5-7 for each group). (D—F) DIO mice (body weight ~58 g)
were treated daily with vehicle or RA (40 mg/kg) via i.p. injection for 2 weeks. (D) Body weight (g) and (E) percent decrease (%) in body weight
in DIO mice during the treatment (n = 7-8 for each group). (F) Daily food intake (g) of DIO mice during 2 weeks of treatment (n = 7-8, left). (G)
Average food intake of DIO mice (right). (H) The weights of iWAT, pWAT, e WAT, sWAT, and BAT fat pads were reduced after RA treatment. (1)
Fat mass and fat percentage (n = 6—7) decreased after RA treatment. (J) Plasma leptin levels in RA or vehicle-treated DIO model mice and
normal lean mice (n = 5 for each group). Data represent the mean + SEM. P values were determined by one-way ANOVA or Student’s t-test.

(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

reduced by 26.3% and 25.1%, whereas only slight changes were
observed with the vehicle-treated control mice (Fig. 2B and 2E).
Of particular note, the RA treatment (40 mg/kg) caused 62.3%
and 60.9% reductions in daily food intake in the two groups during
the first week of treatment (Fig. 2C and 2F).

Upon sacrificing the mice of the 58 g group, we observed
that RA treatment had significantly reduced the weights of ingui-
nal (iIWAT), perinephric (pWAT), epididymal (eWAT), scapular
(sWAT), and BAT (Fig. 2H). By applying a magnetic resonance
imaging technique, we measured the fat mass and lean mass
of the RA-treated and vehicle-treated groups: the fat mass and
fat percentage of the mice given RA were significantly (9 g and
35.2%) lower than that of vehicle-treated group (Fig. 2I), while
the lean mass did not change (Fig. S2A). Given that leptin is gen-
erated by adipocytes [34], and considering our observation that

Life Medicine, 2022, Volume 1

WAT masses were reduced in RA-treated DIO mice, we antic-
ipated that leptin would also be reduced upon RA treatment.
Indeed, we observed that leptin was reduced down to close-to-
lean levels by the end of the 2-week treatment period in DIO mice
(Fig. 2J). These results show that, beyond its anti-aging function,
RA is also an effective agent for body weight reduction.

RA minimally affects normal, db/db, and ob/ob mice

Obesity is associated with compromised leptin sensitivity [35],
so we hypothesized that RA may exert its function(s) by enhanc-
ing leptin sensitivity, perhaps acting as a “leptin sensitizer” [8, 9].
The normal lean mice (~22 g; with low leptin levels), db/db mice
(lacking functional leptin receptors), and ob/ob mice (leptin defi-
ciency) represent three distinct experimental models to assess
leptin sensitivity. First, we treated the lean mice with vehicle or
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Figure 3. RA acts as a leptin sensitizer.

(A-I) Eight-week-old male normal lean mice (A—C), db/db mice (D-F), and ob/ob mice (G—I) were subjected to a 2-week treatment of vehicle
or RA (40 mg/kg) (daily, i.p.). (A) Percentage increase in body weight of lean mice during treatment (n = 11 per group). (B) The average food
intake of lean mice was not affected during the 2 weeks of treatment (n = 11 for each group). (C) Weights of iWAT, pWAT, e WAT, sWAT, and
BAT were not affected by RA treatment (n = 5 for each group). (D) Percentage increase in bodyweight of db/db mice during the treatment (n =
6 for each group). (E) The average daily food intake is similar in RA or vehicle-treated db/db mice during the 2 weeks of treatment. (F) Weights
of iIWAT, pWAT, eWAT, sWAT, and BAT. (G) Percentage increase in bodyweight of ob/ob mice during the treatment (n = 6 for each group). (H)
The average daily food intake of RA or vehicle-treated ob/ob mice. (I) Weights of iWAT, pWAT, e WAT, sWAT, and BAT (n = 3 for each group). (J
and K) Vehicle or RA (40 mg/kg) were administered to normal mice for 2 days, and each group subsequently received saline (n = 6 for each
subgroup) or leptin (n = 6 for each subgroup; 5 mg/kg). Food intake (J) and body weight (K) was reduced to the greatest extent in the RA +
leptin-treated mice. during the 24 h following saline/leptin injections. (L and M) Vehicle or RA was administered to DIO mice for 2 days, and
each group of mice received saline (n = 6 for each subgroup) or leptin (n = 6 for each subgroup) (1 mg/kg). Food intake (L) and body weight
change (M) during the 24-h saline/leptin injection period. (N and O) Vehicle or RA was administered to ob/ob mice for 7 days, and each group
of mice received saline (n = 3 for each subgroup) or leptin (n = 3 for each subgroup; 0.1 mg/kg). Food intake (N) and body weight change
(O) during the 24-h saline/leptin injection period. Data are presented as the mean + SEM. P values were determined by one-way ANOVA or
Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Second, we treated the db/db mice and ob/ob mice with
vehicle or RA (40 mg/kg) intraperitoneally for 2 weeks. Regarding
weight, both the vehicle control and RA-treated db/db mice gradu-
ally gained weight throughout the course of the experiment (Figs.
3D and S3H). We observed no differences between control vehi-
cle-treated and RA-treated db/db mice in terms of food intake
(Fig. S8E), fat mass percentage (Fig. S3I and S3J), the weights
of inguinal, perinephric, epididymal, scapular, or brown fat pads
(Fig. 3F) or the final body weight (Fig. S3K) after vehicle or RA
treatment. The same RA treatment in leptin-deficient ob/ob mice
led to a small decrease in body weight at first week, whereas
vehicle-treated ob/ob mice displayed a slight gain in body weight,
during the treatment period. At the end of trail, an analysis of
percentage changes in the body weight of vehicle-treated and
RA-treated ob/ob mice resulted in no significant difference (Figs.
3G and S3L). Food intake in RA-treated ob/ob mice were slightly
lower than in the vehicle-treated group (Figs. 3H and S3M), but
there was no difference in fat mass and final body weight between
the two groups at the end of treatment (Figs. 3| and S3N). The
total food intake reduction was much smaller than that seen in
mice with DIO.

These results emphasize that RA does not cause weight (or
food intake) reduction in normal lean mice, leptin receptor-defi-
cient db/db mice, or leptin-deficient ob/ob mice and also support
that the observed anti-obesity effects resulting from RA treatment
are mediated via leptin signaling.

RA enhanced leptin sensitivity in lean, DIO, and ob/ob mice
To further explore any relationship(s) between RA and leptin
signaling, we conducted experiments in which lean mice were
injected with saline (control), a bolus dose of leptin with and
without RA pretreatment. In line with our understanding of leptin
function, the mice given leptin consumed significantly less food
than controls (26.3%, Fig. 3J). Notably, mice that received RA
plus leptin consumed the least food (42.5%, Fig. 3J). Regarding
body weight, leptin or RA alone only to lean mice resulted in a
small amount of decrease in the body weight (0.35 and 0.08 g,
respectively, Fig. 3K). Notably, administration of leptin to lean mice
that were pretreated with RA led to much more body weight loss
(1.283 g, Fig. 3K). These results suggest that RA enhanced the
sensitivity of leptin in reducing weight in lean mice.

To investigate whether RA also acutely enhances the ano-
rectic and weight-reducing effects of exogenous leptin in DIO
mice model, we performed the assessment of the response to
leptin in the presence and absence of RA in DIO mice model.
Administration of leptin to DIO mice did not significantly alter their
food intake, compared to the control group (Fig. 3L), while RA
treatment alone reduced the food intake of DIO mice to 42.4%,
and administration of leptin to DIO mice that were pretreated
with RA led to a further reduction (to 9.1%) in food intake (Fig.
3L). Furthermore, treatment with leptin alone did not signifi-
cantly change the body weights of DIO mice (Fig. 3M), while RA
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treatment alone led to a significant (2.80 g) decrease in body
weight of DIO mice (Fig. 3M). Note that it is very hard to lower
body weight in DIO mice, our results showed DIO mice in the RA
plus leptin group lost 3.35 g of body weight, which was lower than
all of the other groups (Fig. 3M).

Ob/ob mice are sensitive to the administration of exogenous
leptin. We chose a low dose of leptin according to the previous
study [8, 9], which is slightly effective (but significantly) in the ob/
ob mice, to investigate whether RA can also increase the sensitiv-
ity of ob/ob mice to the low doses of leptin. Leptin treatment in the
vehicle group led to a 41.5% lower food intake relative to that for
the vehicle + saline group. However, the same dose of leptin in the
RA-treated group lead to a 66.7% lower food consumption when
compared to the RA and saline group (Fig. 3N). Administration of
Leptin to ob/ob mice lead to slightly (but significantly) loss of body
weight when compared with the vehicle + saline group (Fig. 30).
RA treatment alone did not cause little weight loss. However, the
RA + leptin group lost significantly more weight (11.27%) than did
the RA + saline (-0.01%) and vehicle + leptin (5.09%) groups.
Thus, the body weight and food intake data clearly show that RA
enhances the leptin sensitivity of both lean and obese mice.

RA enhanced EE in DIO and normal mice

Beyond its known role in reducing food intake, leptin has also been
reported to maintain high-EE [35, 36]. Our observations about RA
reduced the fat mass in DIO model mice supported our reasoning
that RA, despite its robust effects on reducing food intake, may
actually enhance EE. Pursuing this, we measured oxygen con-
sumption (VO,), EE, and the respiratory quotient in vehicle and
RA-treated DIO mice (these experiments included 2 and 7 days
treatment windows, and assessed the metabolic phenotypes in
calorimetry cages over a 24-h period that included a 12-h day
and a 12-h night).

We observed that the VO, (Fig. 4A), the carbon dioxide
production (VCO,, Fig. 4B, and EE (Fig. 4C) all significantly
increased in the RA-treated group during both light and dark peri-
ods. Further, there was a significant decrease in the respiratory
exchange ratio (RER; defined as VCO,/VO,) in the RA group,
again during the light and dark periods (Fig. 4D), a finding indicat-
ing that RA-treated mice have apparently adapted their metabo-
lism to utilize fatty acids rather than glucose as their main energy
source [8].

Note that we also used the calorimetry cages to examine the
aged mice from the ongoing lifespan experiment. Specifically, we
examined 24-months old mice (at the end of the 6-months RA
treatment window) and found that compared with the vehicle con-
trols, the VO,, VCO,, and EE values were all significantly increased
in the RA-treated animals, during both the light and dark periods
(Fig. S4A-S4E). Again, consistent with the calorimetry findings
for the DIO model mice, we found that the RER was significantly
decreased in the RA-treated normal aged mice (Fig. S4A-S4E).
These observations support our reasoning that, beyond its robust
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DIO mice were placed in metabolic chambers after day 2 or 7 of RA (40 mg/kg, i.p.) or vehicle treatment. The arrow indicates the time of RA
or vehicle intraperitoneal injection (n = 5 for each group). Indirect calorimetry was performed to quantify VO2 (A), VCO2 (B), EE (C), and RER
(D). When DIO mice were treated with RA for 2 days, RA-treated DIO mice showed a trend of elevating EE. When DIO mice were treated with
RA for 7 days, the EE of RA-treated DIO mice was significantly increased. Data are represented as mean + SEM. P values were determined

by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

effects in reducing food intake, RA also functions in enhancing
EE and shifts metabolism towards efficient utilization of fatty acids
over glucose.

RA increased BAT thermogenesis and WAT browning in DIO
mice

To further elucidate the mechanisms underlying RA, RNAseq, and
transcriptomic analyses were performed in dissected hypothala-
mus from DIO mice with or without RA treatment. KEGG signaling
pathway analysis showed that pathways relating to “regulation of
lipolysis in adipocytes,” “PI3K-Akt signaling pathway,” “insulin sig-
naling pathway” were enriched. Gene ontology analysis showed
that terms relating to “ageing,” “negative regulation of gluconeo-
genesis,” “heat generation,” and “negative regulation of lipid bio-
synthetic process” were enriched (Fig. SSA-S5C). These findings
motivated further experiments to test the effect(s) of RA on BAT
thermogenesis and glucose homeostasis.

Recalling our observations of increased EE in RA-treated
DIO mice, it was notable that their overall physical movement
(i.e., ambulatory activity) was actually reduced compared to vehi-
cle control DIO model mice (Fig. S4F). This result supports that
the observed increase in EE did not result from increased phys-
ical activity. As our GO analysis highlighted apparent activation
of “heat generation,” we examined whether RA-treated DIO mice
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had elevated BAT thermogenesis and/or WAT browning. Given
that the thermoneutral conditions where mice no longer require
thermogenesis to maintain body temperature can functionally
downregulate the activity of BAT [37], we next explore the effect of
RA for DIO housed at the thermoneutral environment. DIO mice
treated with RA (thermoneutrality for mice) had a significantly less
body weight reduction (Fig. 5A), but the percentage of the weight
decreasing at 30°C was lower than the animals treated at room
temperature (Fig. 5B). The food intake of RA-treated mice had
slightly reduced (but significantly) compared with vehicle-treated
DIO mice feeding at 30°C (Fig. 5C and 5D). Upon sacrificing the
DIO mice feeding in 30°C, we observed that RA treatment had
significantly reduced the weights of iIWAT and pWAT, and there
was no difference in eWAT, sWAT, and BAT (Fig. 5E). It is noted
that the DIO mice treated with RA had a significantly less fat
weight reduction at 30°C than the mice treated at room tempera-
ture. When maintained at room temperature (26°C), the core and
skin temperature of the vehicle and RA-treated DIO mice are not
different. However, the core and skin temperature of RA-treated
mice were significantly higher than vehicle-treated mice after the
mice were put in 4°C for 2 h after RA-treated for 3 days (Figs.
5F-51 and S5D-S5G).

Furthermore, we dissected adipose tissue in RA-treated
DIO mice and control DIO mice and found increased clusters of
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Figure 5. RA increases BAT thermogenesis and WAT browning in DIO mice.

(A—E) DIO mice were treated with vehicle or RA (40 mg/kg) intraperitoneally (i.p) for 2 weeks and housed at 30°C (n = 6). (A) Body weight,
percent decrease (%) in body weight (B), food intake (C and D) and the weight of iWAT, pWAT, eWAT, sWAT, and BAT during treatment (E).
(F-1) Core body temperature of the vehicle and RA-treated mice during cold challenge after hosed at room temperature (26°C) (n = 6). (J-M)
DIO mice were treated with vehicle or RA (40 mg/kg) intraperitoneally (i.p) for 2 weeks at 22°C. (J) Representative HE staining of iWAT
and BAT showed that adipose cell size was reduced in the RA-treated DIO mice. The scale bar indicates 200 pm. (K) gPCR analysis of the
expression of thermogenic and brown fat genes in iWAT of DIO mice, showing that RA treatment promotes the expression of brown fat genes.
(L) gPCR analysis of the expression of thermogenic and brown fat genes in BAT of DIO mice, showing that thermogenic genes were highly
expressed after RA treatment (n = 8). (M) Immunofluorescence analysis of UCP-1 from iWAT sections of the vehicle or RA-treated DIO mice
(left). Quantification of protein levels of UCP-1 in iWAT of the vehicle or RA-treated mice (right) (n = 3 per group). The scale bar indicates 50

pm. Data represented the mean + SEM. P values were determined by

multilocular brown fat-like areas yet decreased unilocular white
regions in the iWAT in the RA-treated animals (Fig. 5J). We
also noted a trend that the size of the adipose cells was gener-
ally reduced in the RA-treated DIO mice (Fig. 5J). Furthermore,
analysis of iIWAT showed that the RA-treated DIO mice had an
increased extent of browning (assessed as the amount of BAT
in dissected iWAT (Fig. 5J). We also found that the number and
size of fat droplets were significantly decreased in RA-treated
DIO iWAT, indicating that RA treatment promoted utilization of
iWAT-resident fat droplets. Next, we used qPCR to examine the
expression of nine known browning-associated genes in iWAT
and BAT of RA treated and vehicle control DIO model mice. The
RA treatment significantly increased the expression of CytC,
UCP-1, Cidea, ElovI3, Mcad, and Cpt1a, but has no changes of
PKA related genes in iWAT (Figs. 5K and S5H-S5J), and signifi-
cantly increased the expression of Pgc1a, CytC, Cox4f3, Ucp-1,

Life Medicine, 2022, Volume 1

Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

and Mcad in BAT (Fig. 5L). Further, immunofluorescence staining
of iWAT confirmed that RA treatment promotes the accumulation
of the Ucp-1 protein (aka Thermogenin), a mitochondrial carrier
protein known to drive heat generation by uncoupling fatty acid
oxidation from ATP production [38] (Fig. 5M). We further checked
the expression of some factors that can induce Ucp1 expression
in iIWAT. There was an uptrend in the expression of Ppary2 and
AP2 (but not significantly; Fig. S5K-S50).

Considered together, these findings provide molecular-level
evidence that RA stimulates both iWAT adipocyte browning and
BAT thermogenesis explaining the weight reduction observed for
the RA-treated DIO mice.

RA enhances glucose homeostasis of obese mice

We next investigated the effect of RA on glucose metabolism. A
glucose tolerance test (GTT) revealed significantly faster disposal
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of glucose from the circulation in the RA-treated mice with DIO,
as compared to the vehicle-treated group (Fig. S6A and S6B).
Insulin sensitivity, assayed using an insulin tolerance test, was
also improved in the DIO mice after 2 weeks of RA treatment
(Fig. S6C and S6D). We also found that the blood glucose level
at 9 h fasting was significantly lower in the RA-treated DIO mice
compared to the vehicle-treated group (Fig. S6E). Similar results
were obtained for RA-treated db/db mice in comparison to their
controls (Fig. S6F-S6J). Similarly, we checked the GTT of DIO
mice treated with vehicle or RA feeding in 30°C, and found that
RA slightly reduced the AUC of GTT (but not significantly; Fig.
S6K-S6M). Furthermore, in the ob/ob mice, the RA + leptin group
significantly reduced the blood glucose of ob/ob mice, indicating
again RA is a leptin sensitizer (Fig. S6N-S6P). Since the insulin
signaling pathway is involved in glucose metabolism. we further
checked the IRS phosphorylation of the liver in DIO mice treated
with vehicle or RA. The phosphorylation of IRS in the RA-treated
group significantly increased, as compared with vehicle-treated
group (Fig. S6Q and S6R). To sum up, these findings highlighted
the attractive potential of RA as a candidate antidiabetic.

RA activates the hypothalamic leptin receptor-Stat3 pathway
in DIO mice by inhibiting PTP1B and TCPTP

We next employed a similarity ensemble approach (SEA) [39] anal-
ysis to predict the potential target proteins of RA. Given that pro-
tein-tyrosine phosphatase 1B (PTP1B), a known negative regulator
of the insulin signaling pathway, was among the top SEA predic-
tion hits, we performed surface plasmon resonance analysis (SPR)
with the human ortholog PTP1B to further characterize the appar-
ent interaction of RA with this enzyme. Briefly, we detected K, for
RA and PTP1B was 51.3 pM (Fig. 6A and 6B). We also performed
substrate titration studies using the known PTP1B substrate parani-
trophenyl-phosphate (pNPP), and our finding that RA produced a
reductioninthe V__ but notinthe K_ (Fig. 6C and 6D) clearly indi-
cated that RA is a noncompetitive inhibitor of PTP1B. Supporting
this, assays with truncation variants of human PTP1B—all of which
still retain the known active site—were performed to identify the
binding fragment. Our finding that RA is a more potent inhibitor of
PTP1B,,,, (Fig. 6E) compared to PTP1B, ,, and PTP1B, ., sup-
ported that PTP1B’s C-terminus participates in the observed non-
competitive inhibition of PTP1B by RA (Fig. 6F and 6G).

Then we performed molecular docking to predict the allosteric
binding site of PTP1B (Fig. 6H) and TCPTP (Fig. S7G) targeted
by RA and characterize the key interactions and residues involved
in the binding model. The docking model reveals that RA binds
to a site formed by helices a3 and a6. The nonpolar pentacyclic
structure of RA binds in a hydrophobic pocket formed by the side
chains of Leu192, Phe196, Phe280, and lle281 (Fig. 6H). The
carboxyl group of RA was close to Lys197 to form one hydrogen
bond. The hydrophobic pocket formed by Leu192, Phe196, and
Phe280 were also observed in other allosteric inhibitors targeted
to PTP1B [40, 41].
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Previous studies have revealed the JAK2 and STAT3 proteins
function downstream of PTP1B, TCPTP, and leptin in regulating
obesity and diabetes [16, 42, 43]. Specifically, the phosphory-
lated form of JAK2 recruits the transcription factor STAT3, which
becomes phosphorylated by pJAK2, causing pSTAT3 homod-
imerization and its subsequent translocation into the nucleus
[16, 44-46]. We therefore examined the expression and phos-
phorylation of these molecules after RA treatment and found
that dissected hypothalamus tissues from RA-treated DIO mice
had significantly increased levels of JAK2M1077 and STAT3™70%
(Fig. 61). Immunofluorescence analysis of hypothalamus sections
using phosphorylation-sensitive antibodies also showed that the
fluorescence intensity of pSTAT3™ 7% and the number of positive
cells indeed increased significantly in RA-treated DIO mice (Fig.
6J and 6K). Considering that leptin acts on the arcuate nucleus of
the hypothalamus to suppress food intake and promote EE [6], we
further examined whether RA could cross the blood—brain barrier
(BBB). HPLC assays showed that RA could across the BBB, peak
at 0.5 h in the brain tissue and gradually disappear after 2 h (Fig.
S7H). It also accumulated in the liver and iWAT, which peaked
at 0.5 h in the liver (Fig. S7I) and peaked at 1 h in the iWAT (Fig.
S7J). Given that poor cell permeability of PTP1B inhibitors lim-
its their ability to reach the intracellular target [47], HPLC assay
was therefore used to measure the ratio of RA in Caco-2 cell. We
found that RA was a highly permeable drug, as the atenolol and
propranolol were used as low- and high-permeability controls (Fig.
S7K and S7L).

Considered together, these results provided a possibility that
RA could across the BBB to inhibit the PTP1B and TCPTP in
brain cell to increase leptin and insulin sensitivity, repress the
feeding, increase browning, decrease adiposity, and improve glu-
cose metabolism.

PTP1B knockdown leads to lifespan extension

Considering that RA is a leptin sensitizer, so we hypothesized
that RA may play an anti-aging role as a leptin sensitizer. Next,
we tested other leptin sensitizers [such as celastrol and withaferin
A (WA)] for their role in anti-aging. Subsequent assessment of
lifespan in the presence of celastrol or WA showed that two leptin
sensitizers significantly extended the lifespan of yeast to a similar
extent (Fig. 7A and 7B). A previous study has revealed that cel-
astrol showed markedly more effectiveness against PTP1B than
TCPTP [48], we also found WA can inhibit PTP1B activity (Fig.
S7M and S7P), but the anti-aging effect of RA on yeast (Fig. 1B,
19.35 generations) is better than either celastrol (Fig. 7A, 12.01
generations) or WA (Fig. 7B, 14.79 generations). Our observa-
tions about leptin sensitizers with PTP1B inhibition activity sup-
ported our reasoning that RA may play an anti-aging role by
inhibiting PTP1B. First of all, we used yeast to check for the rela-
tionship between the anti-aging effect of RA and yPTP1 (PTP1B
allelic gene in yeast). We found deletion of yPTP1 in yeast totally
abolished any lifespan extension phenotype from RA treatment
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Figure 6. RA targets PTP1B and TCPTP and potentiates leptin signaling.
(A and B) Surface plasmon resonance analysis of the interaction between RA and PTP1B. RA in PBSP-5% DMSO buffer was injected over
a CM5 sensor chip surface to which human PTP1B was immobilized. The response units (RU) were corrected to a reference flow cell. (C-G)
Substrate titration reveals that RA is a noncompetitive inhibitor of PTP1B that inhibits substrate catalysis (V__ ) but not substrate binding
(constant K ). (C) Plots of V__ . (D) Plot of K (n = 3 per group). (E-G) In vitro enzyme kinetic studies with his-tagged purified human PTP1B
showed RA inhibition (n = 3 per group). Inhibition curves of PTP1B, ., (E), PTP1B,,, (F), and PTP1B,, (G) variant (with the active site) in
the presence of RA with pNPP. (H) The top-ranked binding model of autodocking for PTP1B (PDB:6B8Z) and RA. RA is shown in a yellow stick
model; the hydrogen bond is shown by a black dashed line. (I-K) Vehicle (n = 8) or RA (40 mg/kg) (n = 8) were administered to DIO mice. (I)
RA induced JAK2™r1%7 and STAT3™7% phosphorylation detected by immunoblot analysis (left). The total protein was extracted from dissected
hypothalamus tissues from DIO mice. The ratio of signal intensities of p-JAK2™7 to total JAK2 (middle) and the ratio of signal intensities of
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(Fig. 7C), indicating yPTP1 is essential in the observed lifespan
extension effects of RA. Moreover, deletion of yPTP1 in yeast
in the presence of celastrol or WA totally abolished the lifespan
extension effects (Fig. 7D and 7E). These results emphasize that
inhibition of PTP1B could delay aging processes.

As PTP1B is important for the regulation of proliferation,
immune, and metabolism [49, 50], we hypothesized that while
the deletion of this gene does not improve lifespan [51], a par
tial knockdown of it may do so. We therefore mated the WT and
PTP1astrains to generate a heterozygous diploid yeast strain with
a single copy of PTP1. We found that this partial PTP1 knock-
down significantly extended lifespan relative to the control BY4743
strain (Fig. 7F). In human cell lines, we found that KY226 (PTP1B
inhibitor) mediated PTP1B activity inhibition was able to rejuve-
nate senescent cells, and there were no obvious superposition
lifespan extension effects in the KY226 combined with RA group
(Fig. 7G and 7H), thus strongly suggesting overlap in their target-
ing and activity.

Next, we used siRNA to achieve PTP1B knockdown in
human cell lines and found that siRNA-mediated PTP1B knock-
down was able to rejuvenate senescent cells with SA-B-gal
staining being used to quantify senescence (Fig. 71 and 7J).
We further used gPCR to examine the expression of senes-
cence-associated secretory phenotype (SASP)-related genes,
PTP1B knockdown significantly reduced the expression of /L-6,
MMP3, P21, and WNT16B (Fig. 7K). In addition, Western blot
analysis further confirmed the downregulation of P21 that is
highly expressed in senescent cells at the protein level in the
PTP1B knockdown strain (Fig. 7L). In summary, RA function
apparently depends on PTP1B in human cell lines, and the
inhibition of PTP1B proteins can mitigate aging-related effects
in these cells.

Discussion

In this study, we found RA confers both anti-aging and anti-obe-
sity effects (Fig. 8). RA treatment extended the lifespan of yeast
by 135%, and long-term experiments in mice increased by 16.2%
total and 44.2% in residual lifespan. Accounting for the observed
weight decreases, we found that RA reduced food intake while
also boosting fat consumption of DIO mice, and observed that
RA increased EE, BAT thermogenesis, WAT browning, and
enhanced glucose metabolism in DIO mice, which indirectly
proved that muscle associated with fat and sugar metabolism,
since RA screened based on aging-related genes identified by
muscle tissues showed the effect of regulating fat metabolism.
Simultaneously, we showed several lines of evidence support-
ing that RA improves leptin sensitivity, specifically by acting as
a noncompetitive inhibitor targeting the C-terminus of the PTP1B

enzyme. Moreover, considering the anti-aging effect of RA, we
also found PTP1B knockdown can reduce senescence.

Previous studies have shown that deletion of PTP1B and
TCPTP in the hypothalamic of obese mice enhances hypothalamic
leptin and insulin signaling and contributes to the maintenance
of obesity, driving brown and/or beige adipocyte thermogenesis,
and EE [52, 53]. In our study, inhibition of PTP1B and TCPTP by
RA achieved the same trend of weight loss (26% in 40 gand 55 g
mice). We showed four pieces of evidence PTP1B and TCPTP
are the mode of action targets of RA. (i) RA directly binds to
PTP1B verified by SPR. (ii) RA modulates the enzymatic activ-
ity of PTP1B and TCPTP variants. (iii) RA activated the hypotha-
lamic JAK2-STAT3 pathway in DIO mice. (iv) The phosphorylation
of IRS, a target of PTP1B was increased by RA in liver of DIO
mice. We identified that the inactivation of PTP1B and TCPTP
led by RA promoted leptin and insulin signaling and eventually
promotes WAT browning and EE. We also observed that RA treat-
ment decreased RER indicated elevated fat consumption, and
improved glucose metabolism. All of these results provide the
possibility in support of a role for RA in reducing obesity by inhib-
iting PTP1B and TCPTP activity which increases leptin sensitivity.
It has been reported that serine phosphorylation of PTP1B was
significantly increased with aging [54], and PTP1B was downreg-
ulated by SIRT1. Notably, the dependence of RA upon PTP1(B)
also suggests that PTP1B may be a potent target for aging. We
showed three pieces of evidence inhibiting PTP1(B) could extend
lifespan. (i) yPTP1 deletion in yeast totally abolished the lifespan
extension of RA, celastrol or WA, noting that these compounds all
have PTP1B inhibition activity. (ii) partial PTP1 knockdown signifi-
cantly extended lifespan relative to the control BY4743 strain. (ii)
KY226 mediated PTP1B activity inhibition or PTP1B knockdown
using siRNA was able to rejuvenate the senescent cell.

Research limitations

However, our study has some research limitations. First, RAs effect
should be checked in PTP1B, TCPTP, and PTP1B/TCPTP deleted
mice. RA could significantly reduce the ALT and AST of DIO mice at
room temperature and 30°C, indicating the powerful anti-inflamma-
tion effects. Therefore, we believe that RA has other potential tar-
gets, such as some target proteins related to inflammation. Second,
more investigations are needed to reveal how to increase the Ucp-1
through inhibition of TCPTP and PTP1B and the role of Ucp1 in
aging. Furthermore, there are some resolved questions about the
RA, such as its insolubility as well as lower bioavailability. Besides,
although we have identified RA as a highly permeable drug and could
across the BBB, the dose of RA in our study is a little high. Though
40 mg/kg RA has not significant side-effect on liver for 14 days, it
may lead to damage to liver if mice receive 40 mg/kg RA treatment

p-STAT3™7% to total STAT3 (right). (J and K) Immunofluorescence analysis of p-STAT3™7% from marine hypothalamus sections using
phosphorylation-sensitive antibodies (J) and quantification of p-STAT3™7% positive cells (K). The scale bar indicates 50 um, n = 3 per group.
Data are represented as the mean + SEM. P values were determined by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 7. PTP1B knockdown leads to lifespan extension.

(A and B) Celastrol (A) or WA (B) affects the lifespan of WT cell strains (The lifespan of 40 yeast cells were counted for each group). (C-E)
RA (C), celastrol (D), and WA (E) effects on WT or PTP1Adeletion cell strains (The lifespan of 40 yeast cells were counted for each group).
RA-treated wild-type mother cells showed a prolonged replicative lifespan compared to untreated cells (growth on SD medium); in contrast, no
prolonged replicative lifespan phenotype was observed when PTP1Ayeast cells were treated with RA. (F) Heterozygous diploid cell lifespan
for PTP1+- and BY4743 strains (The lifespan of 40 yeast cells were counted for each group). (G and H) Quantification of WI-38 cells stained
for SA-B-gal staining following 5 pM KY226, 5 uM KY226 and 10 pM RA, 1 mM NMN or DMSO vehicle treatment (the scale bar indicates 200
pm, n = 3 per group). (I) The expression of PTP1B in control or PTP1B knockdown WI-38 cells (n = 4). (J) Quantification of SA-B-gal staining
in PTP1B knockdown WI-38 cells (n = 4). (K) gPCR analysis of the expression of SASP-related gene (n = 4). (L) The expression of PTP1B and
p21 was detected by immunoblot analysis (n = 3). Data are represented as the mean + SEM. P values were determined by one-way ANOVA
test (*P < 0.05, **P < 0.01, ***P < 0.001).

for >2 weeks, thereby it is necessary to explore the safety of RAwith  Materials and methods

long-term treated. Simultaneously, the deeper understanding of the g,

relationship between PTP1B and aging should be done, as we only RA was purchased from DESITE Biotechnology Co., Ltd (NO. 20157-57-
emphasized the effects of PTP1B knockdown in cell level. It seems 5), Chengdu, China. The average molecular weight was ~488.71 Da, as
likely that developing and testing derivatives using RA as a lead  determined by high-performance steric exclusion chromatography anal-
compound will yield increased inhibitory performance and deepen  ysis. RA was dissolved in 2% DMSO and 0.5% CMC-Na for the in vivo
our understanding of the biology of aging and obesity. experiments in our experiments.
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Animal studies PTP1B gene silencing

Animal experiments were performed in strict accordance with the Ethics
Committee of Peking University Health Science Center (PKUHSC;
LA2016113) and approved by the Animal Care and Use Committee
of Peking University. C57BL/6N, db/db mice were obtained from the
Department of Laboratory Animal Science of Peking University Health
Science Center and the Charles River Laboratories Beijing Branch.
For a generation of DIO mice, wild-type lean C57BL/6N male mice
were placed on a 60 kcal% High Fat Diet (Research Diets, D12492i)
at the age of 8 weeks. All other animals were maintained on a chow
diet (13.5% from fat calories; Lab Diet). Animals were housed under
12 h of light and 12 h of the dark cycle with unrestricted access
to food and water unless otherwise described. Naturally aged mice
were purchased from SPF Biotechnology Co., Ltd, Beijing, China. For
C57BL/6N mice, starting from 16 months, a week of intraperitoneal
injection treatment is given every month, the dosage is 40 mg/kg,
administration time for 6 months, the control group was assigned
0.5% sodium carboxymethyl cellulose, and the death of the mice was
recorded.

Administration of RA

RA was dissolved in 0.5% CMC-Na. For intraperitoneal (i.p.) treatment,
mice received 10/20/40 mg/kg RA for 2-weeks. Vehicle groups received
0.5% CMC-Na according to mice’s weight.

Life Medicine, 2022, Volume 1

To silence PTP1B, cells were transfected with appropriate siRNA
using Lipofectamine 3000 (ThermoFisher Scientific). GenePharma
(Shanghai) has prepared human siRNA against PTP1B with the follow-
ing sequence:

PTPI1B siRNA1: sense: GAUGGAGAAAGGUUC-
GUUATT;

antisense: UAACGAACCUUUCUCCAUCTT.
PTPI1B siRNA2: sense: GACCCUUCUUC-
CGUUGAUATT;

antisense: UAUCAACGGAAGAAGGGUCTT.

Statistical analysis

Data are presented as mean + SEM. Statistical significance was calcu-
lated by Student’s t-test or by one-way ANOVA. Significance was accepted
at P < 0.05, "P < 0.01, P < 0.001, ""P < 0.0001.

Data availability
Data available within the article or its supplementary materials.

Supplementary data

Supplementary material is available at Life Medicine online.
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