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Adipose-specific deletion of the cation chan-
nel TRPM?7 inhibits TAK1 kinase-dependent
inflammation and obesity in male mice
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Chronic inflammation of white adipose tissue is a key link between obesity and

the associated metabolic syndrome. Transient receptor potential melastatin-
like 7 (TRPM7) is known to be related to inflammation; however, the role of
TRPM?7 in adipocyte phenotype and function in obesity remains unclear. Here,
we observe that the activation of adipocyte TRPM7 plays an essential role in

M Check for updates

pro-inflammatory responses. Adult male mice are used in our experiments.
Adipocyte-specific deficiency in TRPM7 attenuates the pro-inflammatory
phenotype, improves glucose homeostasis, and suppresses weight gain in
mice fed a high-fat diet. Mechanistically, the pro-inflammatory effect of TRPM7
is dependent on Ca* signaling. Ca®* influx initiated by TRPM7 enhances
transforming growth factor-3 activated kinase 1 activation via the co-
regulation of calcium/calmodulin-dependent protein kinase Il and tumor
necrosis factor receptor-associated factor 6, leading to exacerbated nuclear
factor kappa B signaling. Additionally, obese mice treated with TRPM7 inhi-
bitor are protected against obesity and insulin resistance. Our results
demonstrate TRPM7 as a factor in the development of adipose inflammation
that regulates insulin sensitivity in obesity.

Obesity is a global epidemic that results from caloric oversupply and a
positive energy balance'. It leads to multiple metabolic complications
and comorbidities, such as type 2 diabetes mellitus, cardiovascular
diseases, nonalcoholic fatty liver disease, and neurodegenerative
diseases'”. Obesity modulates the adipose tissue immune cell profile
from anti-inflammatory to pro-inflammatory states, and an excessive
immune response in white adipose tissue (WAT) may lead to a state of
chronic, low-grade inflammation in case of nutritional changes’. In
response to overnutrition, pro-inflammatory lipid species, cytokines
and chemokines released by adipocytes, such as free fatty acids, TNF-
«, MCP-1, CclS, etc., stimulate the recruitment of immune cells, espe-
cially pro-inflammatory macrophages, to fat pads and induce insulin
resistance and diabetes®. Although several mechanisms of adipose
inflammation induction have been proposed**, the causal relationship

between obesity, and WAT inflammation, and the initial inflammatory
trigger in adipose tissue is unclear.

Calcium signaling is considered as a vital event in the regulation of
adipocyte function. Intracellular Ca* homeostasis in adipocytes is
required for insulin transduction, lipid storage, and adipogenesis’. In
elderly people with obesity, basal [Ca®']; levels are elevated in isolated
adipocytes, and calcium channel blockers reportedly prevent the
development of insulin resistance, restore adipocyte glucose uptake,
and reduce diabetes mortality®®. Adipocyte cytosolic Ca*" induces
nuclear factor of activated T-cell (NFAT) transcription factors’, which
promotes the production of inflammatory cytokines in immune cells,
and the ablation of NFATc2 and NFATc4 has been shown to prevent
obesity and glucose imbalance in mice'®. Furthermore, the key
inflammatory kinase c-Jun NH,-terminal kinase (JNK) was reportedly
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activated in the adipose tissue of individuals and animal models with
obesity®, which corresponds with the findings of our previous study
showing that Ca*" influx significantly blocks insulin action via calcium/
calmodulin-dependent protein kinase Il (CaMKII)-JNK activation in the
adipocytes of hypertensive mice". These findings support the essential
role of Ca** fluxes in the activation of inflammatory signaling pathways.
Understanding the molecular basis of Ca*-permeable channels is,
therefore, essential to elucidate adipocyte function in WAT
inflammation.

Transient receptor potential (TRP) channels constitute a large
family of cation-permeable channels, that are widely expressed in both
non-excitable and excitable cell types'?. However, the function of TRP
channels in adipocytes remains largely undefined. TRP melastatin-like
7 (TRPM7), a member of TRPM subgroup of TRP channels, is a ubi-
quitously expressed nonselective cationic ion channel with its
C-terminal serine-threonine kinase often referred to as a chanzyme®.
TRPM?7 is permeable to Ca*, Mg?*, Zn*, and Na*, and TRPM7 channel-
mediated Ca*' signals have been implicated in numerous physiological
and pathological processes, such as phenotypic switching of vascular
smooth muscle cells", actomyosin contractility”, atrial fibrillation'®,
and egg activation during fertilization””. Moreover, TRPM7 channel
participates in obesity-associated disorders. Shin et al'**. reported
that the TRPM7 blocker FTY720 eliminates obesity-induced hyper-
tension by inhibiting channel activity. In addition, TRPM7 has emerged
as an inflammation regulator with both positive and negative effects.
The TRPM7 channel is sensitive to multiple signals pertinent to
inflammation, such as extracellular pH* and caspase-mediated
cleavage?. In rheumatoid arthritis, suppression of TRPM7 activity
causes endoplasmic reticulum stress to induce fibroblast-like syno-
viocyte apoptosis’. Further, TRPM7 is indispensable for T cell
development® and Fas-receptor-induced T cell apoptosis”. TRPM7
inhibition hinders TNF-a production and macrophage polarization®,
and Ca*" influx initiated by TRPM?7 is necessary for toll-like receptor 4
(TLR4) receptor endocytosis and nuclear translocation of nuclear
factor kappa B (NF-kB) during macrophage activation®. In addition,
TRPM7 channel activation facilitates IL18-induced vascular calcifica-
tion under pro-inflammatory conditions® and contributes to platelet
activity and thromboinflammation”. In contrast, reduced TRPM7
function leads to cardiac, vascular, and renal inflammation attributed
to abnormal macrophage activation®. The paradox of TRPM7-
regulated inflammation may be due to the distribution of TRPM7 in
diverse cell types and differences in cellular function. However, the
pathophysiological role of TRPM7 in obesity-induced adipose inflam-
mation remains unclear.

Here, we report the pro-inflammatory role of TRPM7 in adipo-
cytes under obese condition. Following the observation that the
TRPM7 protein expression levels and channel activity were upregu-
lated in adipose tissue and mature adipocytes of high-fat diet (HFD)-
fed mice, we generated an adipocyte-specific TRPM7-knockout
(TRPM7 ATKO) mouse model. The enhanced expression of TRPM7 in
adipocytes promotes adipose tissue inflammation, resulting in glucose
intolerant and insulin resistance. Adipocyte-specific elimination of
TRPM7 maintains insulin sensitivity and protects mice from diet-
induced obesity and adipose inflammation. This was explained by the
reduced activity of the transforming growth factor-f activated kinase 1
(TAK1)-NF-kB cascade owing to the TRPM7-dependent-Ca** signal. We
demonstrated that Ca** elevation through the TRPM7 channel sub-
stantially evoked TAK1 activation. We observed that cooperation of
CaMKII and TRAF6 is required for TRPM7-mediated TAK1 activation,
indicating that TAKI is essential for the linkage between TRPM7-
dependent-Ca*" signal and pro-inflammatory signaling. Further, oral
administration of TRPM7 inhibitor FTY720 on obese mice protected
against obesity and insulin resistance. These findings revealed an
unexpected role of TRPM7 in the inflammatory pathways in adipocytes
that modulate obesity accompanied by metabolic disorders. These

findings may yield pharmacological strategies to block the cycle of
obesity and its associated metabolic complications.

Results

Adipocyte-specific TRPM7 deficiency attenuates HFD-induced
obesity

To evaluate the function of TRPM7 in adipose tissue, we explored
TRPM7 expression in adipose tissue in obesity. We measured the
protein and mRNA levels of TRPM?7 in visceral epididymal WAT (eWAT)
and subcutaneous inguinal WAT (iWAT). mRNA and protein levels of
TRPM7 were increased in the eWAT and iWAT induced by an HFD,
compared to their controls (Fig. 1a, b). We measured TRPM7 channel
activity in voltage-ramp mode in freshly dispersed eWAT adipocytes.
We observed that an HFD potentiated the whole-cell current, which
was almost completely inhibited by the addition of the TRPM7
antagonist FTY720, compared to the corresponding chow diet (CD)-
fed controls (Fig. 1c). Thus, the expression and activity of TRPM7
appeared to be positively associated with obesity in mice. The
dynamics of TRPM7 expression led us to investigate whether TRPM7
regulates metabolic dysfunction in adipose tissues and the develop-
ment of obesity.

To specifically assess the role of TRPM7 in adipose tissue, we
crossbred TRPM7"" (Flox) mice with Adipoq-Cre mice to generate
adipose-specific TRPM7 knockout mice (ATKO) (Supplementary
Fig. 1a, b). Supplementary Fig. 1 shows the genotyping and expression
assessment. As expected, TRPM7 protein and mRNA levels were
decreased in adipose tissue (Supplementary Fig. 1c, d), but not in the
skeletal muscle, spleen, brain, or heart (Supplementary Fig. 1e). TRPM7
expression was remarkably decreased in ATKO versus Flox mouse
mature adipocytes (Supplementary Fig. 1f), and the stromal vascular
fraction (SVF) TRPM7 levels did not differ (Supplementary Fig. 1g).
Consistently, the TRPM7-mediated current was decreased by -85% in
mature adipocytes isolated from the adipose tissue of the TRPM7
ATKO mice (Supplementary Fig. 1h), reflecting the complete reduction
of TRPM7 expression in adipocytes and the residual protein present in
other cells of adipose tissue.

Adipocyte-specific TRPM7 knockout mice did not exhibit
overt abnormalities. In mice fed a CD, the TRPM7 knockout did
not affect body weight, fat weight, or fat distribution (Fig. 1d-g,
and Supplementary Fig. 2). However, after 16 weeks of the
experimental diet, TRPM7-deficient mice gained less weight and
tended to be leaner than the controls when fed an HFD (Fig. 1d,
e). The individual adipose tissue depot was scanned by micro-CT
to determine the effect of TRPM7 loss on the decrease in adipose
tissue, which may have contributed to the body weight reduction.
Consistent with the weight reduction shown in Fig. 1d, e, micro-
CT images illustrated dramatic decreases in adipose mass by
TRPM7 knockout in the adipose tissues (Fig. 1f, g). The eWAT and
iWAT weights were decreased in TRPM7-deficient mice chal-
lenged with an HFD compared to the controls, with no significant
change in the brown adipose tissue (BAT) (Supplementary Fig. 2).
We detected downregulation of triglycerides (TG) and free fatty
acids (FFA) in the ATKO mice (Fig. 1h, i) compared to Flox mice
fed with HFD.

The effects of TRPM7 ablation in adipose tissue on basic meta-
bolic activity were also evaluated. TRPM7 deletion increased oxygen
consumption (Fig. 1j and Supplementary Fig. 3a), carbon dioxide
production (Fig. 1k and Supplementary Fig. 3b), and energy expendi-
ture rate (Fig. 1l and Supplementary Fig. 3c) but had no significant
effect on the respiratory exchange ratio (VCO,/VO,) (Fig. Im and
Supplementary Fig. 3d). Notably, weight loss in the HFD-fed ATKO
mice was not related to the changes in food intake compared to the
HFD-fed Flox mice (Fig. 1n), suggesting that the resistance of
adipocyte-specific TRPM7 knockout mice to diet-induced obesity was
attributed to higher catabolic rates.
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Adipose-specific TRPM7 deletion protects against HFD-induced
systemic insulin resistance

Given that obesity is closely associated with glucose intolerance and
insulin resistance, we assessed glucose homeostasis in the CD- and
HFD-fed control and TRPM7 ATKO mice. When fed with CD, there were
no differences in fasting glucose, fasting insulin, and glucose or insulin

tolerance among the genotypes (Fig. 2a-d). Compared to CD-fed mice,
the HFD-fed Flox mice showed increased basal glucose and insulin
levels, which were reduced in TRPM7 ATKO mice (Fig. 2a, b). Obese
TRPM7 ATKO mice showed improved glucose and insulin tolerance
compared to TRPM7 Flox littermates (Fig. 2c, d). To gain a better
understanding of the role of TRPM7 in insulin resistance, we measured
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Fig. 1| Adipocyte-specific TRPM?7 ablation attenuates HFD-induced obesity.

a TRPM7 mRNA level of eWAT and iWAT from mice after chow diet or HFD for
16 weeks (n =6 mice, for eWAT, n =3 mice for iWAT). b Western blot analysis of
TRPMY protein expression in adipose tissue of mice fed with chow diet and HFD for
16 weeks (n=4 mice). ¢ A representative I-V relationship of whole-cell TRPM7-
mediated currents in freshly isolated adipocytes from mice after chow diet or HFD
for 16 weeks. The statistics of TRPM7 current densities are shown in bar chart (n =14
cells for CD, n=8 cells for HFD, n=10 cells for HFD + FTY720, from 4 mice).

d Adipose-specific TRPM7 deletion (ATKO) mice and TRPM7"" (Flox) mice were fed
with chow diet (CD) or high-fat diet (HFD) for 16 weeks and then body weight was
measured (n=5 mice), *comparison of Flox-HFD vs. Flox-CD, “comparison of
ATKO-HFD vs. Flox-HFD. e Representative photographs of Flox and ATKO mice fed

with CD or HFD (n =4 mice). f Representative micro-CT images of abdominal fat
(n=4 mice). g Fat mass analysis of Flox and ATKO mice fed with CD or HFD (n=4
mice). h, i Serum triglycerides (TG) (h) and free fat acid (FFA) (i) in Flox and ATKO
mice fed with CD or HFD (n = 4 mice). j-m Metabolic cage analysis of CD- and HFD-
fed Flox and ATKO mice to measure oxygen consumption (VO,) (j), carbon dioxide
production (VCO,) (k), energy expenditure (EE) (I), and respiratory exchange rate
(RER) (m) (n = 6 mice). n Daily food take in Flox and ATKO mice fed with HFD (n=4
mice). All statistical data were assessed using 2-tailed Student’s ¢ test (a, b, j-n) or
one-way ANOVA (c, d, g-i) and are presented as mean + SEM. *p < 0.05. Source data
are provided as a Source Data file. kd, relative molecular weight in kilodalton; ns,
not significant.

ex vivo insulin action. The phosphorylation of insulin-stimulated IRS-1,
IR, and Akt was examined in the eWAT, liver, and skeletal muscle of
mice. Insulin-stimulated IRS-1/IR/Akt cascade activation was sig-
nificantly higher in the adipose tissue, liver, and skeletal muscle of the
TRPM7 knockout mice, indicating that TRPM7 ablation in adipocytes
prevents HFD-induced insulin resistance in adipose tissue and leads to
increased insulin sensitivity in the liver and skeletal muscle under HFD
(Fig. 2e-g).

To store excess energy as triglycerides in obesity, the adipose
tissue expands through hypertrophy of the existing adipocytes. Thus,
we studied the adipocyte architecture of obese TRPM7 ATKO and Flox
mice. The adipocytes in the TRPM7 ATKO mice were smaller than
those in the Flox mice (Fig. 2h), and showed a lower average cell size
than those in the controls (Supplementary Fig. 4a). Adipocyte fre-
quency analysis in the visceral adipose tissue illustrated that the
TRPM7 ATKO mice had a reduced frequency of large adipocytes and a
higher frequency of small adipose cells (Supplementary Fig. 4b). We
also assessed the effect of adipose TRPM7 deletion on hepatic and BAT
lipid deposition. Histological and oil red O staining analysis of the liver
showed that the number and size of lipid droplets were smaller in the
TRPM7 ATKO mice than in the Flox mice fed an HFD (Supplementary
Fig. 4c). TRPM7 knockdown also decreased lipid storage in the BAT of
the HFD-fed mice (Supplementary Fig. 4d). These findings revealed
that TRPM7 impairs adipocyte function along with systemic metabolic
homeostasis, and adipose-specific TRPM7 deletion improves insulin
sensitivity due to the restored function of the adipocytes.

Adipocyte-specific TRPM7 knockout mice have attenuated
adipose inflammation induced by HFD

Exaggerated adipose inflammation and macrophage recruitment
contribute to glucose intolerance and insulin resistance. The global
gene expression profiles of eWAT in HFD-fed Flox and TRPM7 ATKO
mice were analyzed by RNA sequencing (RNA-seq). Based on our RNA-
seq data, in the TRPM7 ATKO mice, genes involved in inflammation,
such as MCP-1, IL6, IL1B, IL18, TNF-a, and Cxcr4, were downregulated
(Fig. 3a). Consistent with RNA-seq results, quantitative polymerase
chain reaction (qPCR) verified these changes in the eWAT of the
TRPM7 ATKO mice (Fig. 3b). Furthermore, adipocyte depletion led to a
significant reduction in circulating pro-inflammatory factors (TNF-a,
MCP-1, IL6, and IL1B) (Fig. 3c).

Staining of macrophage marker F4/80 (Adgrel) in the eWAT
showed fewer crown-like structures (CLS), which are formed by adi-
pose macrophage recruitment, in the TRPM7 ATKO mice (Fig. 3d).
Consistently, HFD-fed TRPM7 ATKO mice demonstrated a marked
reduction in Adgrel expression (Fig. 3e) and in the number of F4/
80°CD11b* macrophages in the stromal vascular fractions (SVFs) of
eWAT, as determined by fluorescence-activated cell sorting (FACS)
analysis (Fig. 3f). Lean TRPM7 ATKO mice showed the similar pattern in
macrophage infiltration compared to Flox littermates (Fig. 3d-f).

As canonical IKKB/NF-kB signaling, which is activated by HFD
challenge, is required for inflammatory gene induction, we next
examined the integrity of this pathway in the HFD-fed TRPM7 ATKO

mice. HFD treatment induced the phosphorylation of IKK(3, NF-kB p65,
and downregulated IkBa level in the eWAT of the Flox mice; however,
these effects were significantly alleviated by TRPM7 knockout (Fig. 3g).
To determine whether the hypoactivation of NF-kB signaling caused by
TRPM?7 knockout was cell-autonomous, we prepared epididymal adi-
pocyte cultures from the Flox and ATKO mice. Upon complete dif-
ferentiation, adipocytes were treated with TNF-a and processed for the
analysis of the NF-kB signaling pathway and related pro-inflammatory
gene expression. TRPM7 knockdown in TRPM7 ATKO adipocytes sig-
nificantly reduced TNF-a-stimulated phosphorylation of IKK[3, NF-kB
p65, and IkBa degradation (Fig. 3h), and lowered the gene expression
of MCP-1, IL6, and IL1B, and MCP-1 secretion when compared to their
respective control adipocytes (Supplementary Fig. 5a, b). In vitro,
macrophage chemotaxis toward conditional medium from TRPM7
knockout adipocytes was markedly reduced compared to Flox stimu-
lated by TNF-a (Supplementary Fig. 5¢).

To ensure our results were not affected by body weight loss in
TRPM?7 knockout mice, we performed the acute deletion of adipocyte
TRPM7 that did not influence whole-body weight. To address this
question, we depleted TRPM7 in eWAT using an approach of adeno-
associated virus (AAV) (Supplementary Fig. 6a). Flox mice fed HFD for
12 weeks were given AAV injection (AAV-Vec, TRPM7*¥ATWT or AAV-
Adipog-Cre, TRPM7°WATX0) in both sides of eWAT. At 4 weeks after AAV
injection, mice were sacrificed for further tissue analysis. As expected,
TRPM7 mRNA expression level was reduced significantly in isolated
adipocytes (Supplementary Fig. 6b). The decrease of TRPM7 was lim-
ited to adipocytes and were not observed in SVFs (Supplementary
Fig. 6b). No change of body weight and fasting blood glucose level was
found between two groups (Supplementary Fig. 6¢c-e). Parameters
such as plasma insulin levels and eWAT weights in TRPM7°¥ATX® mice
were decreased as compared with WT mice, but there was no statistical
difference between two groups (Supplementary Fig. 6f-h). In parallel,
glucose tolerance was improved by TRPM7 depletion with no sig-
nificant difference (Supplementary Fig. 6i). Moreover, this acute
deletion of adipocyte TRPM7 led to reduced macrophage infiltration
(Supplementary Fig. 6j) and lower expression of inflammation marker
genes (Supplementary Fig. 6k) in eWAT compared with controls. NF-kB
signaling activity was reduced (Supplementary Fig. 61) and insulin
response was largely improved (Supplementary Fig. 6m) in TRPM7-
deficient eWAT. Adipocyte-specific TRPM7 knockout using AAV-Cre
transduction in eWAT obtained similar results in the Adipog-Cre
TRPM7 knockout model, strongly supporting our conclusions.

Collectively, our data showed that adipocyte-specific TRPM7
deletion decreased pro-inflammatory cytokine secretion and inhibited
pro-inflammatory macrophage infiltration in adipose tissue, causing
attenuated inflammatory responses and contributing to improved
insulin action.

TRPM7-dependent-Ca** influx regulates the NF-kB cascade to
induce adipose inflammation

The potent regulatory activity of TRPM7 in adipose inflammation and
its associated metabolic dysfunction prompted us to explore the
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Fig. 2 | Adipocyte TRPM?7 is required for glucose homeostasis and insulin
sensitivity in vivo. a, b Serum glucose (a, n =5 mice for Flox-CD, ATKO-CD,
ATKO-HFD, n = 6 mice for Flox-HFD) and insulin (b, n =4 mice for Flox-CD, n=3
mice for ATKO-CD, n =5 mice for Flox-HFD, n =6 mice for ATKO-HFD) levels in
overnight-fasted Flox and ATKO mice fed with CD or HFD. ¢, d Glucose tolerance
test (c, n =6 mice for Flox-CD, ATKO-CD, Flox-HFD, n =5 mice for ATKO-HFD)
and insulin tolerance test (d, n =5 mice) in Flox and ATKO mice fed with CD or
HFD, *comparison of Flox-HFD vs. Flox-CD, “comparison of ATKO-HFD vs.

Flox-HFD. e-g Immunoblot (IB) analysis for IRS-1 phosphorylation at Tyr®?, IR
phosphorylation at Tyr>* and Akt phosphorylation at Thr*’, in eWAT (e), liver
(), muscle (g) from Flox and ATKO mice fed with CD or HFD after i.p. injection
of 0.75 U/kg insulin (n =3 mice). h H&E staining of eWAT (scale bar, 100 pum) of
Flox and ATKO mice fed with CD or HFD (n =3 mice). All statistical data were
assessed using one-way ANOVA and are presented as mean = SEM. *p < 0.05.
Source data are provided as a Source Data file. kd, relative molecular weight in
kilodalton.
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underlying mechanisms. Considering the role of [Ca®']; rise in adipo-
cyte function related to insulin sensitivity", and the capacity of TRPM7-
mediated Ca®" entry to modulate inflammation in other cell types™?’,
we hypothesized that TRPM7 regulates adipocyte inflammation by

controlling Ca*

influx under an HFD. To do this, freshly isolated

mature adipocytes were perfused with divalent-free solution (DVF,

Ca”, and Mg*-free) for 4 min, after which the extracellular bath solu-
tion was replaced with a Ca*-containing solution. Compared to Flox
adipocytes from HFD-fed mice, TRPM7 knockout adipocytes exhibited
significantly diminished [Ca?']; elevations; the mean peak [Ca®']; level
was down to ~25% of that of the corresponding controls (Fig. 4a). In
addition, we observed a robust rise in cytosolic [Ca*']; in adipocytes
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Fig. 3 | Adipocyte-specific TRPM7 knockout inhibits adipose inflammation in
obese mice. a Gene expression profile was compared between eWAT derived from
Flox and TRPM7 ATKO mice in response to HFD treatment. The heat map was
generated based on expression of the significantly changed genes related to
inflammatory responses (blue, upregulated; white, downregulated) (n =3 mice).
b Relative mRNA expression of pro-inflammatory cytokines in eWAT (n =4 mice for
TNF-a, IL6 and IL1B, n = 5 mice for MCP-1). ¢ Serum circulating levels of TNF-a (n =4
mice for Flox-CD, ATKO-CD, ATKO-HFD, n =5 mice for Flox-HFD), MCP-1 (n=4
mice), IL6 (n =4 mice for Flox-CD, Flox-HFD, ATKO-HFD, n =3 mice for ATKO-CD)
and IL1P (n =5 mice). d F4/80 staining of eWAT (scale bar, 100 pm) from Flox and
ATKO mice fed with CD or HFD. Bar chart showing density of crown-like structure

(CLS) (n =5 mice). e Relative mRNA levels of macrophage marker Adgrel (F4/80) in
eWAT (n =3 mice). f FACS analysis of F4/80"/CD11b" cells in stromal vascular frac-
tion (SVF) from eWAT of Flox and ATKO mice fed with CD or HFD (n =3 mice).

g Western blots of the indicated total and phosphor-proteins in whole tissue lysates
prepared from eWAT of Flox and ATKO mice fed with CD or HFD (n =3 mice).

h Western blots analysis of the indicated proteins in cultured primary adipocytes
from Flox and ATKO mice stimulation with TNF-a (60 ng/ml) for 15 min (n = 3 mice).
All statistical data were assessed using one-way ANOVA (b, ¢, e-h) or 2-tailed Stu-
dent’s ¢ test (d) and are presented as mean + SEM. *p < 0.05. Source data are pro-

vided as a Source Data file. kd, relative molecular weight in kilodalton.

after stimulation with TNF-a, while FTY720, a TRPM7 channel blocker,
decreased TNF-a-evoked Ca** influx compared to that in untreated
cells (Fig. 4b). Therefore, we concluded that TRPM7 controls Ca** entry
triggered by TNF-a and HFD.

The use of FTY720 mimicked the effects of TRPM7 deletion on
inhibiting the transcription of MCP-1, /L6 and IL1B in cells responding to
TNF-a (Fig. 4¢), suggesting that TRPM7 channel activity plays a critical
role in TNF-a-induced gene transcription. BAPTA-AM, a high-affinity
Ca” chelator used to clamp and deplete intracellular Ca*, prevented
TNF-a-induced [Ca®']; elevation, which, in turn, reduced the activity of
the NF-kB-IKKB pathway in the control adipocytes but had little addi-
tional effects on the TRPM7 knockout cells (Fig. 4d). BAPTA-AM
treatment also mimicked the effects of FTY720 on the NF-kB-
dependent gene transcripts (Fig. 4e).

To dissect the role of TRPM7 kinase, we investigated the influence
of a TRPM7 kinase dead mutant on NF-kB pathway. TRPM7 knockout
adipocytes were transfected with TRPM7 adenovirus (TRPM7 wild
type, Ad-TRPM7"") or TRPM7 kinase dead mutant adenovirus (K1646A,
Ad-TRPM7*%), and their control adenovirus (Ad-Vec) respectively
(Supplementary Fig. 7). While both Ad-TRPM7"" and Ad-TRPM7**
exhibited a significant restoration in inflammatory response to TNF-a,
there was no significant difference between the two groups (Supple-
mentary Fig. 7a, b), suggesting that the lack of TRPM7 channel function
rather than its kinase activity accounts for adipose inflammation. As
TRPM7 transports Mg?* other than Ca**, we tested the function of Mg?*
in adipocytes. As expected, Mg?" influx was also inhibited by FTY720
(Supplementary Fig. 8a). Of note, pretreatment of adipocytes with Ca**
chelators (BAPTA-AM and EGTA) or chelator of both Mg*" and Ca*
(EDTA) did not exert response to TNF-a stimulation in ATKO adipo-
cytes transfected with adenovirus expressing TRPM7 (Supplementary
Fig. 8b, c). Interestingly, TNF-a-induced inflammatory genes expres-
sion and NF-kB cascade activation was monitored only in the presence
of excess Ca*" over EDTA, but not Mg?* (Supplementary Fig. 8b, c), thus
further supporting the notion that elevated [Ca*]; alters the inflam-
matory response in adipocytes. Overall, these results indicated that
TRPM7 channel conducts Ca** signal to mediate NF-kB signaling.

TRPM7-mediated adipocyte inflammation depends on

TAKI1 activation

TAK1, a crucial upstream factor in NF-kB signaling, phosphorylates
IKK( and elicit IkBa phosphorylation and degradation to induce NF-kB
activation®. We measured the role of TAK1 activation in modulating the
TRPM7-dependent NF-kB cascade. HFD feeding significantly increased
TAK1 Thr 187 phosphorylation in the adipose tissue, and TRPM7 defi-
ciency abrogated the promotion of TAK1 activation in eWAT by HFD
(Fig. 5a). We also found that TRPM?7 inhibition downregulated TNF-a-
induced TAK1 phosphorylation in differentiated cultured primary
adipocytes (Fig. 5b). BAPTA-AM inhibited TNF-a-induced TAK1 phos-
phorylation in TRPM7 wild-type adipocytes but had little additional
effect on the TRPM7 knockout adipocytes (Fig. 5c). Next, we measured
the NF-kB pathway activity in adipocytes pretreated with the TAK1
inhibitor (5z)-7-oxozeaenol (5z-7-ox). As shown in Fig. 5d, activation of
the NF-kB pathway was greatly compromised in the TRPM7 knockout

adipocytes, and pharmacological inhibition of TAK1 using 5z-7-ox also
attenuated activation of the NF-kB cascade in the adipocytes from the
Flox mice, but had no more notable effects on the TRPM7 knockout
adipocytes. Gene expression analysis illustrated that 5z-7-ox did not
further inhibit gene expression of MCP-1, IL6, and /L1f in the TRPM7
knockout cells (Supplementary Fig. 9a), which was consistent with the
observed reduction in NF-kB signaling.

Next, we explored the potential link between TRPM7-mediated
Ca” signal and TAK1 activation. Calcium/calmodulin-dependent pro-
tein kinase Il (CaMKII), a ubiquitous serine/threonine protein kinase, is
activated by Ca? influx’®®. Upon an increase in calcium levels, Ca*/
calmodulin binding to CaMKII relives autoinhibition and evokes
CaMKII autophosphorylation, which leads to the persistent activation
of kinase™. Previous studies have shown that TRPM7 mediates neu-
ronal cell death through Ca®-CaMKII signaling®. Moreover, CaMKII
activation promotes obesity-induced metabolic syndrome®, and
CaMKII, as an upstream factor of TAKI, directly binds and phosphor-
ylates TAK1** %, We detected p-CaMKII downregulation in the eWAT of
HFD-fed TRPM7 knockout mice (Fig. 5e). FTY720 blocked CaMKII
activity in the cultured primary adipocytes in response to TNF-a
(Fig. 5f). Moreover, TNF-a-stimulated phosphorylation of TAK1 in
adipocytes was strongly enhanced by CaMKII (Supplementary Fig. 9b).
CaMKII overexpression reversed the inhibitory effect of the TRPM7
knockout-induced depression of TAK1 activity upon TNF-a treat-
ment (Fig. 5g).

Although the CaMKII inhibitor KN93 suppressed TNF-a-induced
TAK1 phosphorylation, the level of inhibition was incomplete com-
pared to TRPM7 knockdown (Fig. 5h). The ability of KN93 to partially
block TAK1 activation was also supported by the measurement of NF-
KB signaling activity and downstream gene expression (Fig. 5h and
Supplementary Fig. 9¢c). These results suggest that TAK1 is indis-
pensable for TRPM7-mediated adipose inflammation, and that CaMKII
directly, but partially, contributes to TRPM7-dependent TAK1 phos-
phorylation, indicating that other mechanisms in addition to CaMKII
activation are involved.

TRPM7-dependent TAK1 phosphorylation requires both CaMKII
and TRAF6

In addition to CaMKII regulation, ubiquitination-induced TAKI cataly-
tic activity results in autophosphorylation and enzymatic activation.
Several studies have shown that an HFD challenge leads to TAK1
hyperactivation via TAK1 polyubiquitination and subsequent
phosphorylation®***. Considering the necessity of TAK1 poly-
ubiquitination for TAK1 phosphorylation and IKK/NF-kB activation, we
investigated whether TAK1 ubiquitination was involved in TRPM7-
regulated adipocyte inflammation during metabolic disorders. TAK1
ubiquitination increased in the adipose tissue of obese mice and was
ameliorated by TRPM7 depletion (Fig. 6a). The reduction in TAK1L
ubiquitination by TRPM7 depletion was confirmed in TNF-a-
challenged cultured primary adipocytes (Fig. 6b). Clamping [Ca*];
using BAPTA-AM completely ablated the ubiquitination of TAK1
induced by TNF-a but had little additional effect on TRPM7 knockout
adipocytes (Fig. 6¢).
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Next, we aimed to identify the E3 ligase that mediates TAKI ubi-
quitylation. We screened several E3 ligases that have been reported to
influence TAK1 ubiquitination or affect the IKK/NF-kB cascade. Some
members of the tumor necrosis factor receptor-associated factor
(TRAF) family, including TRAF2, TRAF3, TRAF5, and TRAF6, contain
the RING domain and act as E3 ubiquitin ligases to promote NF-kB

activation®®. TRAF3 has been reported to directly ubiquitinate TAK1*’,
and TRAF2 and TRAF6 promote the formation of TRAF2-TAKI-TAB or
TRAF6-TAK1-TAB complexes to mediate K63-linked polyubiquitina-
tion of TAK], leading to the activation of TAK1*’. Thus, the four TRAF
members were examined for their potential functional relevance in
TAK1 ubiquitination. A ubiquitination assay revealed that TRAF2,
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Fig. 4 | Ca2+ elevations are responsible for TRPM7-dependent adipocyte
inflammation. a Relative changes in the fluorescence of Fluo-4-loaded mature
adipocytes isolated from eWAT of Flox and ATKO mice fed with HFD, reflecting
changes in intracellular Ca®* concentration ([Ca*'];). Bar chart showed the quanti-
fication of peak [Ca*'];. These represent typical results from three independent
experiments (n =30 cells for Flox-HFD, n =45 cells for ATKO-HFD, from 3 mice).
b Relative changes in [Ca*']; over time in mature adipocyte pretreated with FTY720
(5 M) for 15 min, followed by stimulation with TNF-a (60 ng/ml) for 15 min as
indicated. Bar chart showed the quantification of peak [Ca*'];. Results are a com-
pilation of three experiments (n =27 cells for TNF-a, n =38 cells for FTY720-TNF-«,
from 3 different experiments). ¢ qPCR analysis of indicated gene expression of
MCP-1, IL6, and ILIB in differentiated adipocytes treated as depicted. Adipocytes

were treated with TNF-a (40 ng/ml; 12 h) with FTY720 (5 puM; 15 min) pretreatment
(n =5 biologically independent experiments). d Western blots of phosphorylated
and total p65, IKKB, IkBax and GAPDH in cultured primary adipocytes from eWAT of
Flox and ATKO mice. Prior to TNF-a treatment (60 ng/ml; 15 min), adipocytes were
pretreated with DMSO or BAPTA-AM (10 pM) for 30 min in serum-free media (n=3
biologically independent experiments). e Relative mRNA expression of indicated
inflammatory genes in cultured primary adipocytes from Flox and ATKO mice. Cells
were treated with BAPTA-AM (10 pM; 30 min) or DMSO as indicated prior to TNF-a
treatment (60 ng/ml; 15 min) (n =3 biologically independent experiments). Statis-
tical data were assessed using two-tailed Student’s ¢ test (a, b) or one-way ANOVA
statistical analysis (c-e) and are presented as mean + SEM. *p < 0.05. Source data
are provided as a Source Data file. kd, relative molecular weight in kilodalton.

TRAF3, TRAFS5, and TRAF6 promoted TAKI ubiquitination in response
to TNF-a in HEK293T cells. Only TRAF6-mediated ubiquitination of
TAK1 was dramatically strengthened upon TRPM7 overexpression
(Fig. 6d). Both BAPTA-AM and FTY720 attenuated TRAF6-dependent
TAK1 ubiquitination in TRPM7-overexpressed HEK293T cells (Fig. 6e).
TRAF6 silencing markedly reduced TAK1 ubiquitination, whereas
TRPM? knockdown failed to show further inhibitory effects on TAK1
ubiquitination in cultured primary adipocytes (Fig. 6f). The RING
domain ubiquitin ligase TRAF6 catalyzes the synthesis of lysine (Lys)
-63 (K63)-linked polyubiquitin chains*. The formation of K63-linked
polyubiquitin chains attached to TAK1 is followed by autopho-
sphorylation at T187 and S192 and activation of endogenous TAK1****,
By transfecting HEK293T cells with HA-tagged K63 only-ubiquitin
(K63-Ub) or a K63R ubiquitin mutant (K63R-Ub), we observed that
TRPM7 promoted K63-linked ubiquitination of TAK1 in response to
TNF-a stimuli (Supplementary Fig. 10a).

To identify the potential molecular link between TRPM7-
dependent-Ca*" signal and the TRAF6-TAK1 cascade, we acquired
protein-protein interaction data from BioGRID and the Human Protein
Reference Database (HPRD). After filtering from BioGRID and HPRD,
we identified two TRAF6-binding proteins, c-Cbl and Cbl-b, possessing
the EF-hand domain and containing a classical motif implicated in Ca?*
binding, that might be candidates for TRAF6-induced TAK1 ubiquiti-
nation. A co-immunoprecipitation assay revealed that TRAF6-c-Cbl
binding, but not TRAF6-Cbl-b binding, was inhibited by TRPM7
(Fig. 6g). BAPTA-AM abrogated the inhibitory effect of TRAF6-c-Cbl
binding in TRPM7-overexpressed cells (Fig. 6h). We also examined the
endogenous interaction between TAK1 and c-Cbl, along with TAK1 and
TRAF6, in adipocytes following TNF-a treatment. TNF-a stimulation
decreased the interaction between TRAF6 and c-Cbl, which was
restored in TRPM7 knockdown adipocytes (Fig. 6i). Moreover, the
increase in TRAF6-TAK1 binding was blocked by TRPM7 depletion
(Fig. 6j). Clamping of intracellular Ca** attenuated TRPM7-dependent
TRAF6-TAK1 binding (Fig. 6k). Thus, these data suggest that the
binding of the EF-hand protein c-Cbl to TRAF6 is antagonized by
TRPM7-induced Ca* signal, and that TAK1 displaces TRAF6 from c-Cbl
in response to Ca*" influx.

We also measured the effect of TRAF6 on TRPM7-regulated adi-
pocyte inflammation. Western blotting indicated that silencing of
TRAF6 only had partial effects on the phosphorylation of TAK1 along
with NF-kB cascade activation (Supplementary Fig. 10b), whereas
silencing of both CaMKIl and TRAFé6 strongly suppressed TNF-a-
induced TAKI-NF-kB signaling pathway activation (Fig. 6l). Further-
more, the detection of the downstream gene expression of MCP-1, IL-6,
and /L-1f further confirmed the co-regulatory function of TRAF6 and
CaMKII in TAKI1 cascade activation (Supplementary Fig. 10c). Con-
sistent with these findings, silencing of CaMKII or TRAF6 individually
resulted in only a partial improvement in adipocyte insulin sensitivity,
whereas silencing of both genes together strongly restored insulin
signal transduction (Supplementary Fig. 10d). These observations
suggest that CaMKII and TRAF6 act differently but jointly to promote
TRPM7-mediated TAKI activation and adipocyte inflammation.

TAK1 overexpression in the setting of overnutrition rescues
adipose inflammation

To examine the effects of TAK1 on TRPM7-mediated adipose inflam-
mation in vivo, we used an adeno-associated virus (AAV) for sustained
viral expression of full-length TAK1 in eWAT. After direct eWAT injec-
tion with either AAV-TAKI1-Flag or AAV-Vec, both groups of mice were
placed on an HFD prior to the analysis. A 3-fold increase in TAK1 gene
expression was achieved after AAV injection into the fat pads, as
confirmed by TAKI protein expression using western blotting (Sup-
plementary Fig. 11a, b). After 16 weeks of HFD, the weight did not differ
between the TAK1 AAV-injected and Vec-AAV virus-injected fat pads in
the TRPM7 knockout mice (Fig. 7a, b). Overexpression of TAK1 in
eWAT had no effect on weight gain, fasting blood glucose, or fasting
serum insulin levels under HFD conditions (Supplementary Fig. 11c-e).
Notably, the glucose tolerance of TRPM7 knockout mice fed with an
HFD was impaired slightly after TAK1 overexpression in eWAT, but
with no statistical differences (Supplementary Fig. 11f), indicating that
locally increasing TAK1 expression may not be sufficient to rescue the
complete impairment of whole-body glucose homeostasis in HFD-fed
TRPM7 ATKO mice.

Histological analysis of F4/80 staining demonstrated that the
number of CLSs was almost threefold in TAKl-overexpressed eWAT
compared to the injection of a control virus into the epididymal fat pad
in TRPM7-deficient mice (Fig. 7c). Consistently, FACS analysis showed
that the TRPM7 knockout-induced decrease in the number of double-
positive CD11b/F4/80 macrophages in the SVFs was significantly
reversed by adipose tissue TAKI overexpression (Fig. 7d). We then
repeated the gene expression analysis and observed that the adipose
tissue pro-inflammatory markers (MCP-1, IL6, and IL1f) in the HFD-fed
TRPM7 knockout mice were markedly increased by TAK1 over-
expression (Fig. 7e), which was accompanied by a recovery of NF-kB
cascade activation (Fig. 7f). Consistent with this finding, TAK1 over-
expression in adipose tissue mitigated IRS1-AKT axis activation, which
was improved by TRPM7 knockdown after 16 weeks of HFD con-
sumption (Fig. 7g). Undoubtedly, the NF-kB cascade activation and
pro-inflammatory marker genes expression were restored, while
insulin signal transduction was impaired in primary adipocytes iso-
lated from TAKIl-overexpressed adipose tissue in TRPM7 depleted
mice (Supplementary Fig. 11g-j).

Pharmacological inhibition of TRPM7 suppresses adipose
inflammation and improves glucose tolerance

In order to examine the effects of pharmacological TRPM7 inhibition
in vivo, we administrated oral FTY720 to obese mice for 8 weeks
(Fig. 8a). Orally administrated 3 mg/kg FTY720 per day reduced body
weight (Fig. 8b, c) and fat weight (Fig. 8d, e). The levels of fasting
glucose and serum insulin were significantly reduced after 8 weeks
treatment of FTY720 (Fig. 8f, g). FTY720 attenuated serum TG levels
but without significance (Fig. 8h). Consistent with these findings, we
found that glucose tolerance improved in FTY720-treated mice
(Fig. 8i). Pharmacological inhibition of TRPM7 using FTY720 sup-
pressed HFD-induced formation of CLSs, demonstrating a decreased
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percentage of macrophage in eWAT (Fig. 8j). These changes in FTY720-
treated mice were accompanied by downregulation of pro-
inflammatory genes (MCP-1, IL6, IL1f) (Fig. 8k). Western blot analysis
showed that activation of IKKB, NF-kB and IkBa degradation were
inhibited by TRPM7 antagonist, whereas insulin-induced phosphor-
ylation of IRS1, IR and AKT were increased (Fig. 8I, m).

Discussion

In this study, TRPM7 was observed to be an immunometabolic reg-
ulator in fat pads that links obesity to inflammation. Adipose-selective
ablation of TRPM7 protects mice from exacerbation of inflammation
and insulin resistance upon dietary stress. To delineate the underlying
mechanisms, we identified that TRPM7-induced rise in intracellular
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Fig. 5 | TRPM7 promotes NF-kB signal by TAK1 activation partly dependent on
CaMKII. a Western blots of phosphorylation of TAK1 in eWAT from CD- and HFD-
fed Flox and ATKO mice (n =3 mice). b Western blot analysis of TAK1 phosphor-
ylation in differentiated adipocytes pretreated with FTY720 (5 pM) for 15 min, and
then treated with TNF-a (60 ng/ml) for 15 min as indicated (n =3 biologically
independent experiments). ¢ Inmunoblot analysis of TAK1 phosphorylation in
cultured primary adipocytes treated with BAPTA-AM (10 uM; 30 min) followed by
TNF-oe administration (60 ng/ml; 15 min) (n = 3 biologically independent experi-
ments). d Immunoblot analysis of adipocytes treated with TNF-a, DMSO or 5z-7-0x.
Prior to TNF-a treatment (60 ng/ml; 15 min), adipocytes were pretreated with 5z-7-
ox (100 nM) for 30 min (n =3 biologically independent experiments).

e Immunoblot analysis of p-CaMKII and total CaMKII in eWAT of indicated mice
(n=3 mice). f Phosphorylated and total CaMKII in FTY720 (5 uM; 15 min) loaded
adipocytes in response to TNF-a (60 ng/ml; 15 min) were assessed by western
blotting (n = 4 biologically independent experiments). g Western blot of phos-
phorylation of TAK1 in 3T3-L1 adipocytes transfected with HA-CaMKII or empty
vector (n =3 biologically independent experiments). h The levels of proteins in
mouse cultured primary adipocytes treated with KN93 (10 pM; 30 min) or DMSO
followed by TNF-ae administration (60 ng/ml; 15 min) (n = 4 biologically indepen-
dent experiments). All Statistical data in Fig. 5 were assessed using one-way ANOVA
and are presented as mean + SEM. *p < 0.05. Source data are provided as a Source
Data file. kd, relative molecular weight in kilodalton.

Ca”" as a primary mechanism activated the TAKI-NF-kB cascade, and
promoted adipose inflammation and insulin resistance. We demon-
strated that TRPM7 mediates TAK1 activation through CaMKIl, in
cooperation with TRAF6-TAK1 complex stabilization, in a Ca?*-trig-
gered manner. Supplementation of TAKI protein in the eWAT of
TRPM7 ATKO mice substantially promoted inflammation while sup-
pressing insulin sensitivity in the adipose tissue. Moreover, FTY720
oral administration in obese mice protected against obesity and insulin
resistance. Collectively, our findings suggest a mechanism by which
TRPM7-Ca*"-TAK1 signaling contributes to adipose function and
metabolic homeostasis (Fig. 8n). These findings established adipocyte
TRPM7 as a promising pharmacological molecular target for devel-
oping therapeutic strategies against obesity and obesity-associated
metabolic disorders.

Adipose tissue inflammation contributes to the core mechanisms
of several metabolic disorders in obesity, such as insulin resistance,
liver steatosis and hyperlipidemia®. The inflammation-related effects of
TRPM7 on T cell survival, macrophage polarization, vascular calcifi-
cation, oxidative responses, and cardiac inflammation have been
described'®?***, TRPM7 is also recognized as a metabolism-
associated channel that plays a crucial role in obesity-mediated
hypertension”. In addition, we provided evidence to show that adi-
pocyte TRPM7 was upregulated primarily in adipocytes, and specific
deletion of TRPM7 in adipocytes was sufficient to attenuate HFD-
induced obesity, insulin resistance, and inflammation. Moreover,
TRPM7-deficient mice exhibited reduced lipid deposition in the liver
and BAT, and WAT depot size, which is congruent with clinical corre-
lations between adipocyte size and insulin sensitivity*®. This indicates
that TRPM?7 is the major source of pro-inflammatory and pro-obesity
signals promoting metabolic disorder development. In obesity, the
observed upregulation of TRPM7 in adipose tissue may be in turn
elicited by inflammation. Previous studies have shown that upregula-
tion of TRPM7 expression is related to the mRNA levels of TNF-«,
which is induced at a very early stage of obesity upon high glucose
challenge, contributing to inflammatory responses in diabetes*. The
promoter region of TRPM7 contains binding sites for NF-kB, STAT3,
and other important pro-inflammatory transcription factors'*s, Our
findings showed that TRPM7 strongly stimulated NF-kB signaling in
adipocytes, suggesting that TRPM7 may constitute an essential pro-
moter in a positive feedback loop to fine-tune inflammatory responses
in adipocytes, thereby contributing to chronic and low-grade meta-
bolic inflammation in obesity. FTY720, the TRPM7 antagonist and
synthetic sphingosine analog, has been clinically used as an immuno-
suppressant for the treatment of multiple sclerosis*’. FTY720 has been
found to reduce liver steatosis and improve glucose tolerance by
downregulating diet-induced fatty acid synthase expression in diet-
induced nonalcoholic fatty liver disease®. Our finding revealed that
FTY720 administration in obese mice could protect against obesity
and insulin resistance via changes in adipose tissue inflammation,
suggesting that pharmacological inhibition of TRPM7 using FTY720
may also benefit patients with obesity and others with insulin resis-
tance. However, the detailed molecular events resulting in adipose
TRPM7 upregulation under overnutrition administration warrant

further investigation. Obesity induces a change in circulating or adi-
pose tissue cytokine profile which have direct effects on glucose and
lipid metabolism. Recent studies have reported TRPM?7 is regulated by
cytokine stimulation. IL18 and IL4 upregulate TRPM7 expression and
activate the channel activity®*?. In contrast, IL6 inhibits TRPM7 inward
currents via direct binding with IL6R and the following JAK2/STAT3
pathway activation®. Furthermore, TGF-B1-dependent Smad3 cascade
promotes TRPM7 transcription to maintain a positive feedback loop in
fibrillar collagen production®. Serum TNF-a, IL6, IL1 and MCP-1levels
have been identified upregulated in obese mice and modulated by
adipocyte TRPM7 knockout in our study, indicating that adipocyte
TRPM7 might be regulated by aberrant cytokines with coupled
positive-plus-negative feedback circuits in response to obesity.

Obesity has long been known to trigger Ca?* mishandling, linking
inflammation to metabolic dysfunction;*> however, the identity of the
Ca’*-permeable channel responsible for initiating the Ca®“-signal
associated pathway remains unclear. The activity of the store-operated
Ca entry (SOCE) has been proposed in the setting of obesity and
related metabolic diseases™*. SOCE is positively related to cytokine
production in adipose tissue macrophages from obese mice®,
although the loss of SOCE in macrophages does not influence inflam-
matory signaling®’. This suggests that SOCE may not be a major
determinant in the early phases of Ca** signaling. Similarly, several TRP
Ca? channels in adipocytes regulate adipocyte biology and insulin
sensitivity in obesity™****, TRPM7 can be modulated by various sig-
nals related to inflammation, such as low extracellular pH*, oxidative
stress®®, LPS-stimulated TLR4 endocytosis and NF-kB nuclear
translocation®, and caspase-mediated cleavage in Fas signaling®. Our
study demonstrated that excessive input of nutrition could activate an
outward-rectifying nonselective cation current in adipocytes with an
I-V relationship resembling the TRPM7 current, which can be blocked
by FTY720. Definitive evidence that TRPM7 acts via Ca*" signal was
provided by TRPM7 channel activity inhibition and intracellular Ca*'
chelating experiments, which showed that the blockage of TRPM7-
dependent-Ca®* influx in adipocytes abolished TNF-a-induced inflam-
mation. TRPM7 has also been reported to regulate cytosolic Ca** and
modulate SOCE by refilling internal Ca?* stores'”.. Thus, the processes
of releasing intracellular Ca® or the subsequent SOCE, which may
occur concomitantly with TRPM7 channel activity, are not considered
salient triggers of the NF-kB cascade and adipose tissue inflammation
in obesity. This could be supported by the observation that Ca** ele-
vations were not completely diminished in TRPM7 knockout adipo-
cytes or under the use of FTY720. Further, our data do not negate the
roles of other ion channels in modulating adipocyte functions during
obesity. Considering that TRPM7 channel activity is highly sensitive to
membrane phosphatidylinositol 4,5-bisphosphonate (PIP2) levels®
and phospholipase C (PLC) pathways®’, TRPM7 activity may be sti-
mulated through these signaling mechanisms in obesity.

To gain insight into the inflammatory processes influenced by
TRPM?7 in mature adipocytes, we identified the mechanisms involved
in Ca*-dependent NF-kB cascade activation. TAK1, a member of the
MAPK kinase kinase (MAP3K) family and an essential molecule
upstream of IKKs, is central to the activation of the NF-kB pathway**.
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induced by cytokines (e.g., TNF-a), pathogens (e.g., LPS), hypoxia, or
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TAK1 s a lipid senser that orchestrates obesity-linked insulin resistance
and inflammatory responses®*®. Hyperactivation of TAK1 has been
observed upon excessive metabolic stimulation, leading to deterio-
rated liver inflammation and metabolic profiles®. Global or adipose-
specific TAK1 deficiency reduced pro-inflammatory immune cells
accumulated in WAT, stopped weight gain, improved glucose
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Fig. 6 | E3 ligase TRAF6 functions as co-regulator of CaMKII in TRPM7-induced
TAKI1 activation. a Ubiquitination level of TAK1 in eWAT of Flox and ATKO mice in
the presence or absence of HFD for 16 weeks (n =3 mice). b The ubiquitination of
TAK1 in TNF-a (60 ng/ml; 30 min)-stimulated adipocytes. ¢ Immunoprecipitation
(IP) analysis of TAK1 ubiquitination in cultured primary adipocytes pretreated with
BAPTA-AM (10 uM; 30 min) and followed by TNF-a (60 ng/ml; 30 min). d IP and
western blot of indicated proteins in HEK293T cells transfected with Flag-TAK1, HA-
Ub and the indicated E3 ubiquitin ligases in the presence or absence of TRPM7 in
the treatment of TNF-a (60 ng/ml; 30 min). e IP and western blot of indicated
proteins in HEK293T cells transfected with Flag-TAK1, HA-Ub, TRAF6 and TRPM7 in
response to either BAPTA-AM (10 pM; 30 min) or FTY720 (5 pM; 15 min) stimulation
followed by TNF-a treatment (60 ng/ml; 30 min). f The level of TAK1 ubiquitination
in cultured primary adipocytes transfected with TRAF6 siRNA upon TNF-a chal-
lenge (60 ng/ml; 30 min). g IB or IP lysates from HEK293T cells transfected with

various plasmids as indicated. h Interaction of TRAF6 with c-Cbl in HEK293T cells
transfected with Flag-tagged TRAF6 and HA-tagged c-Cbl in the presence or
absence of TRPM7 or BAPTA-AM (10 uM; 30 min) prior to TNF-a treatment (60 ng/
ml; 30 min). i Endogenous interaction of TRAF6 with c-Cbl in TNF-a (60 ng/ml;
30 min)-treated adipocytes. j Endogenous interaction of TRAF6 with TAK1 in TNF-a
(60 ng/ml; 30 min)-treated adipocytes. k Co-immunoprecipitation of TRAF6 with
TAK1 in cultured primary adipocytes in response to TNF-a (60 ng/ml; 30 min).1 The
level of key proteins of the NF-kB signaling cascade in TRAF6 siRNA, CaMKII siRNA
or scramble siRNA transfected differentiated 3T3-L1 adipocytes followed by TNF-a
treatment (60 ng/ml; 15 min). n =3 biologically independent experiments for (a-1).
Statistical data in (I) was assessed using one-way ANOVA and are presented as
mean = SEM. *p < 0.05. Source data are provided as a Source Data file. kd, relative
molecular weight in kilodalton.

tolerance, and attenuated hepatic steatosis®®’. Restoration of TAK1
kinase activity rescued lipogenic gene expression in hepatocytes, and
palmitic acid and oleic acid-induced NF-kB activation was dependent
on TAKI1 ubiquitination by E3 ubiquitin ligase TRIM8****“", Interest-
ingly, transient [Ca*"]; and the Ca* receptor, CaMKII, could determine
TAKI1 activation and downstream NF-kB signaling activity. Here, we
discovered that TAK1 could be activated by TRPM7-induced Ca** sig-
nal, which facilitates NF-kB activation and promotes pro-inflammatory
gene expression. Our data indicate that TAK1, downstream of TRPM7,
is the pivotal nodal point for obesity-associated inflammation. More-
over, we demonstrated that local injection in the eWAT of TRPM7
ATKO mice with AAV-TAK1 led to striking phenotypes, including
strengthened inflammation and mitigated insulin action transduction.
These rescue experiments, which aim to reverse the improvement in
obesity-linked metabolic disorder by upregulating TAK1, reflect a
requirement of TAK1 function in the development of obesity and
inflammation states regulated by TRPM?7.

Ca*-CaMKII-TAK]1, triggered by pro-inflammatory mediators, is
involved in the enhanced production of TNF-a and other cytokines in
macrophages®. Given that CaMKII is indicated as an upstream kinase
that directly phosphorylates and activates TAK1****, and considering
our observation that obesity-induced CaMKII activation in adipocytes
can be nullified by TRPM7 knockdown or channel activity inhibition,
we propose that the activation of CaMKII under a TRPM7-mediated
event is the essential Ca*-signaling component of this pathway.
However, compared to TRPM7 knockout, only partial inhibition of
TAKI-NF-kB cascade activity was mediated by CaMKII inhibitor or
CaMKll silencing. In TLR and IL1 pro-inflammatory signaling, TRAF6 is
recruited in the MyD88-dependent pathway, is subsequently dimer-
ized, and induces TAK1 ubiquitination via its E3 ligase activity**. TRAF6
regulates the NF-kB pathway in several ways, including TRAF6 auto-
ubiquitination to initiate TAKI activation, and catalyzing the ubiquiti-
nation of IKKk/NEMO**%, Similarly, in TNF-a signal transduction, the
adaptor TRADD is recruited around the receptor and the ubiquitin-
conjugating system, in which the E3 ubiquitin ligase involved varies
according to the specific system (e.g., TRAF2, TRAF3, TRAF5, and
clAP1/2 have been reported). These are assembled on the TRADD-
receptor scaffold, followed by the K63-linked pUb scaffold and TAK1
activation®. In our study, TRPM7 was found to promote TAK1 K63-
ubiquitination by the TRAF6 E3 ligase in a Ca*-dependent manner.
TRAF6 and CaMKII synergistically regulate TAK1 activation and NF-kB
signaling mediated by TRPM7-Ca®* signal. Interestingly, in this study,
the EF-hand protein c-Cbl was determined to be a TRPM7-mediated
Ca”" signal-triggered molecule regulating TRAF6-TAK1 complex stabi-
lization. C-Cbl, also known as Cbl, functions as an adaptor or E3 ligase
and possesses Ca*" binding ability through the EF-hand motif*’. The
c-Cbl interactome can form signal-competent networks that control
diverse biological processes, including insulin signaling and inflam-
matory response®’. As calcium sensors, EF-hand proteins undergo a
conformational change upon binding of calcium, resulting in protein-

protein interactions, assembling a proteolytic active site, or stabilizing
catalytic complex formation’®. Structural changes in c-Cbl are required
to facilitate adaptor functions or E3 activity. Tyr371 phosphorylation
on c-Cbl induces a conformational change in the LHF domain, which
converts the RING domain into an enhanced E2-binding module to
enhances E3 ligase activity’”. We propose that during obesity, Ca**
binding-led conformational changes in c-Cbl induce dissociation or
altered association of c-Cbl and TRAF6, whereafter TAK1 competes
with c-Cbl to bind to TRAF6, thereby facilitating and stabilizing the
formation of the TRAF6-TAK1 complex. The hypothesis that the EF-
hand protein c-Cbl acts as a Ca®* sensor regulating the assembly of the
TRAF6-TAK1 complex might provide a potential explanation, but the
detailed mechanisms remain to be further elucidated.

Taken together, our study revealed a previously unappreciated
role of adipocyte TRPM7 in regulating adipose inflammation and
whole-body metabolism. Adipose-specific ablation of TRPM7 was
found to remarkably attenuate adipose inflammation, thereby leading
to improved adipose function, insulin sensitivity, and glucose toler-
ance. Moreover, we demonstrated that TRPM7-dependent-Ca*" signal
promotes adipocyte inflammation by TAK1 activation, and CaMKI], in
tandem with TRAF6, affects TAK1 activation, leading to NF-kB cascade
activation and inflammatory responses. These insights open a line of
investigation for a better understanding of adipose inflammation and
how TRPM7 modulates glucose homeostasis in obesity.

However, there are several limitations to this study. First, con-
sidering that TRPM7-dependent macrophage inflammation has been
reported in recent years and that adipose tissue inflammation involves
complex mechanisms other than adipocyte dysfunction, such as
recruitment of adipose-resident macrophages and T cells, which are
regulated by a plethora of immunological and metabolic factors, it
remains to be determined whether TRPM?7 in inflammatory cells con-
trols adipose tissue inflammation or functions synergistically with
adipocytes during obesity development. Second, although we
observed body weight loss in adipose-specific TRPM7 knockout mice,
our current study did not address the thermogenic functions of
TRPM7 in WAT browning or BAT. Third, since only adult male mice
were used in this study, the gender difference in TRPM7 function needs
to be explored in future. Therefore, further studies on these issues will
help us to confirm our current findings.

Methods

Ethics statement, animal models, and treatments

All animal experimental procedures were in accordance with Sun Yat-
sen University Animal Care and Use Committee-approved protocols,
and conformed to the Guide for the Care and Use of Laboratory Ani-
mals of National Institute of Health of China. All animal care and pro-
cedures were reviewed and approved by Institutional Animal Care and
Use Committee of Sun Yat-sen University (SYSU-IACUC-2020-000118).
All animals were housed in an air-conditioned room at the room
temperature of 25 °C with a 12 h/12 h light/dark circle, and humidity
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between 40 and 70%, and given ad libitum access to food and water.
Only adult male mice were used in our experiments. TRPM7"" (Flox)
and Adipog-Cre mice were purchased from Jackson laboratories
(#018784, #028020, Bar Harbor, ME). Adipocyte-specific TRPM7 KO
(ATKO) mice were created by breeding TRPM7"" mice to transgenic

mice harboring Cre recombinase driven by adiponectin promotor
(Adipog-Cre). The genotypes of mice were determined by PCR
using tail DNA. The primer sequences used to determine the genotype
are showed in Supplementary Table 1. All the mice have C57BL/6)
background. Animals were anesthetized using pentobarbital sodium
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Fig. 7 | Adenovirus-mediated adipose TAK1 overexpression augments adipose
inflammation in TRPM7 knockout mice fed with HFD. a Representative photo-
graphs of eWAT from HFD-fed Flox and ATKO mice injected with AAV-Vec or AAV-
TAK1 (n =3 mice). b The weight of eWAT injected with AAV-Vec or AAV-TAK1 from
Flox and ATKO mice fed with HFD (n =5 mice for Flox-AAV-Vec and ATKO-AAV-
TAK1, n =4 mice for ATKO-AAV-Vec and Flox-AAV-TAK1). ¢ F4/80 staining of adi-
pose tissue sections from the indicated groups (scale bar, 100 pm). Bar chart
showed the density of CLS macrophages in eWAT (n =3 mice). d FACS analysis of
F4/80" CD11b" cells in SVF from eWAT of indicated mice. Bar chart showed the

statistical analysis (n =3 mice). e Pro-inflammatory genes expression in AAV-
injected eWAT from the indicated mice (n =3 mice). f The expression of proteins in
NF-kB signaling cascade in the eWAT samples from the indicated groups (n=4
mice). g Mice were fasted for 6 h, treated by injection with insulin (0.75 U/kg; i.p.),
and total and phosphorylated IRS], IR and Akt levels in the eWAT samples from the
indicated groups were examined by immunoblot analysis (n = 3 mice). All statistical
data were assessed using one-way ANOVA and are presented as mean + SEM.

*p < 0.05. Source data are provided as a Source Data file. kd, relative molecular
weight in kilodalton; ns, not significant.

(60 mg/kg, intraperitoneal, i.p.) and the tissues were removed for the
following experiments set up. Animals were euthanized by cervical
dislocation after anaesthetization at the end of the experiments.

Starting at 6-8 weeks of age, Flox and ATKO mice were fed with
normal chow diet (CD, 10% kcal fat, D12450J, Research Diets Inc.) or
high-fat diet (HFD) consisting of 60% of calories from fat (D12492
Research Diets Inc.) for 16 weeks. For metabolic study, mice were
allocated into a calorimetry chamber (Sable Systems, NV, USA) to
perform indirect calorimetry study and subject to Inveon multi-
modality PET/CT system (Inveon Image Research Workplace; Siemens
Healthcare, Erlangen, Germany) to perform adipose tissue quantifica-
tion. Serum insulin, TNF-a, MCP-1, IL-6 and IL-1f3 levels were measured
with ELISA kit (RayBiotech, Norcross, GA, USA) according to the
manufacture’s protocol.

For administration of AAV8-TAKI1 vector, AAV8-Adipog-Cre vector
or AAV8-Vec to epididymal adipose tissue, mice aged 6-8 weeks were
anesthetized with pentobarbital sodium (60 mg/kg) intraperitoneally
and the laparotomy was performed. AAV8-TAK1 vector, AAV8-Adipoq-
Cre vector and AAV8-Vec were obtained from Weizhen biosciences
(Shandong, China). Each epididymal fat pad was given 8 injections of
5 ul (1 x 10" viral genome copies) of AAV solution.

Primary mature adipocytes isolation

Epididymal adipose tissues from male mice were removed and
weighted, rinsed in phosphate-buffered saline (PBS) for 3 times and
minced in PBS. Tissue suspensions were digested in DMEM containing
1mM CaCl,, 1mM MgCl,, 8 mg/ml collagenase D and 2.4 units/ml
Dispase Il (Sigma-Aldrich) for 30 min and filtered through a 220 pm
filter and centrifugated at 200 g for 3 min. The top floating fractions
which contained mature adipocytes were collected. Adipocytes were
washed with DMEM/F12 medium supplemented with 10% FBS, 100 IU
penicillin and 100 mg/L streptomycin by repetitive pelleting. For
mature adipocytes, the final adipocyte suspension was then used for
the subsequent experiments.

Stromal vascular fraction isolation, differentiation and

FACS analysis

Epididymal fat pads were prepared and digested as described above.
To isolate SVF, the pellet was collected and washed with DMEM/F12
medium supplemented with 10% FBS, 100 IU penicillin and 100 mg/L
streptomycin by repetitive pelleting. SVFs were used for subsequent
culture and differentiation and fluorescence-activated cell sorting
analysis (FACS). Primary mouse SVFs or 3T3-L1 cells (purchased from
National Collection of Authenticated Cell Cultures, China, catalog
number: SCSP-5038) were cultured to confluence in DMEM/F12 med-
ium containing 10% FBS (SVFs) or 10% newborn calf serum (3T3-
L1 cells), 100 IU penicillin and 100 mg/L streptomycin and then
induced to differentiation with 5 pg/mL insulin, 1 uM dexamethasone,
0.5 mM 3-isobutyl-methylxanthine, and 1 uM rosiglitazone. For FACS,
the SVFs were incubated with RBC lysis buffer for 5min followed by
centrifugation at 300 g for 5 min and resuspension in FACS buffer. The
SVFs were incubated with Fcy receptor block for 20 min at 4 °C before
staining with fluorescence labeled primary antibodies (FITC anti-F4/
80, Biolegend, 123107, 0.2 ug per 10° cells in 100 pl volume; PE/Cy5
anti CD11b, Biolegend, 101210, 0.2 pg per 10° cells in 100 pl volume) for

20 min at 4 °C. Flow cytometry was performed using CytoFLEX flow
cytometer (Beckman Coulter Ltd., Brea, CA, USA) and fluorescence
signals were analyzed using FlowJo 10.4 software.

Adipose tissue and liver histology analysis

Samples of adipose tissue and livers were fixed in 4% formaldehyde for
24 h and cut into small pieces and processed for paraffin embedding.
5-um sections were stained with hematoxylin and eosin and the adi-
pocyte size was evaluated by using Image ] 1.52q software. For
immunohistochemical staining of F4/80, adipose sections were incu-
bated with primary antibody against F4/80 overnight at 4 °C and then
stained with biotinylated secondary antibody for 1h at room tem-
perature followed by visualization with 2.2-diaminobenzidine tetra-
chloride. Liver samples were frozen in OCT embedding medium and
10-pm sections were used to stain with Oil Red O to observe lipid
accumulation in liver. All images were acquired using optical micro-
scopy (Olympus, Tokyo, Japan).

Metabolic studies

For glucose tolerance tests (GTTs), mice received an intraperitoneal
(i.p.) injection with glucose (1 g/kg) after fasted overnight for 16 h and
blood glucose concentrations were drawn to measure at 0, 30, 60, 90
and 120 min after glucose injection. For insulin tolerance tests (ITTs),
after 6 h of fasting, insulin (0.75 U/kg) was i.p. injected and blood glu-
cose was measured at 0, 15, 30, 45, and 60 min after insulin injection. We
performed acute insulin challenge experiments on anesthetized mice
after 6 h fasting. The samples of fat, liver, and muscle were snap-frozen
for protein analysis at 20 min after injection with insulin (0.75 U/kg; i.p.).

Currents recording

TRPM7 currents were recorded in whole-cell configuration using
Axopatch 200B patch clamp amplifier (Axon Instrument, USA) as
described previously'*’>”>, Patch pipettes with resistances between 3
and 6 MQ were made from borosilicate glass by using Sutter P-97
horizontal puller (Sutter instrument, Novato, CA, USA). The standard
external solution contained: 145 mM NaCl, 2mM CaCl,, 5mM KClI,
10 mM Glucose, 10 mM HEPES, pH 7.3 (adjusted with NaOH). The
standard pipette solution contained: 145 mM Cs-methanesulfonate,
8 mM NaCl, 10 mM Cs-EGTA, 10 mM HEPES, pH 7.3 (adjusted with
CsOH). Cells were held at a potential of 0 mV and the voltage ramps
from -100 mV to +100 mV at the duration of 50 ms and intervals of 2 s
were applied for whole-cell recording. Membrane currents were ana-
lyzed using pCLAMP 10.0 software (Axon Instruments).

Ca’" imaging

Freshly isolate adipocytes from eWAT were incubated in a standard
bath solution containing 140 mM NaCl, 5mM KCI, 1 MgCl,, 10 mM
Glucose, 10 mM HEPES (pH 7.4) and loaded with 5 uM Fluo-4 AM for
45 min in the dark at 37 °C. Adipocytes were excited at 488 nm and
emissions were measured at 530 nm. Fluorescence was detected using
a Zeiss LSM880 microscope (Carl Zeiss, Oberkochen, Germany). For
ratiometric Ca?* imaging, adipocytes were bathed in Ca*, Mg*-free
solution (145 mM NacCl, 5 mM KCI, 10 mM Glucose, 10 mM HEPES, pH
7.3) for 4 min and then CaCl, to a final concentration of 10 mM was
added to determine Ca*" influx.
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Fig. 8 | Effects of oral FTY720 on obese mice. a Schematic representation of
experimental scheme for FTY720 oral administration. b Body weight on HFD (n=3
mice). ¢ Representative photographs of vehicle and FTY720-treated mice fed with
CD or HFD (n =3 mice). d, e Representative images (d) and fat mass weight (e) of
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Jj Representative paraffin sections of eWAT stained for F4/80. Bar indicates 100 pm.
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expression in eWAT (n =3 mice). | eWAT were lysed for immunoblotting with the
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Transfection

The siRNA duplexes against mouse CaMKII, TRAF6 and TRPM7 gene
along with scramble RNA were synthesized by RiboBio (Guangzhou,
China) (Supplementary Table 2). siRNA strands or plasmid vectors
(1pg) were used to transiently transfect HEK293T cells (purchased
from National Collection of Authenticated Cell Cultures, China, catalog
number: SCSP-502) or adipocytes with Lipofectamine 3000 (Life
Technologies, Carlsbad, CA, USA), according to the manufacturer’s
instruction. 48h later, cells were harvested for the following
experiments.

RNA isolation, quantitative PCR and RNA-Seq

Total RNA was isolated from tissues or cells using RNA purification kit
(Qiagen). Complementary DNA (cDNA) was synthesized using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany).
Quantitative PCR (qPCR) reaction was set up using SYBR Green PCR
Master Mix (Invitrogen, Carlsbad, CA) and the amplification curves
were monitored on the LightCycler 480 (Roche, Basel, Switzerland).
The gPCR primers used are listed in Supplementary Table 3 and were
synthesized by Sangon (Shanghai, China). All measurements were
carried out in triplicate with B-actin as an internal standard and
2- A /ACt method was used to calculate the expression of target genes.
RNA-seq analysis was performed by Majorbio Bio-pharm Technology
Co., Ltd (Shanghai, China).

Western blot analysis, Inmunoprecipitation and ubiquitina-
tion assay

Western blot analysis and immunoprecipitation were carried out as
described previously”>”. Total proteins were prepared from the tis-
sues and cells with RIPA buffer containing protease and phosphatase
inhibitors. The lysates were subjected to western blotting and the
protein was separated with SDS-PAGE and transferred to PVDF transfer
membranes (Millipore, Bedford, MA, USA). Corresponding antibodies
were used to detect proteins. The protein bands were measured by
ChemiDoc™ Touch Imaging System (Bio-Rad, Richmond, CA, USA). All
experiments were repeated at least three times and amount of phos-
phorylated protein was quantified by Image J and normalized to
amount of total protein.

For immunoprecipitation and ubiquitination, HEK293T and adi-
pocytes were homogenized in lysis buffer. 1 mg of cell lysate protein
was immunoprecipitated with indicated antibodies at 4 °C overnight.
Immunoprecipitations were pulled down with Protein A/G Agarose
followed by western blot analysis. For ubiquitination assays, cells were
lysed with lysis buffer plus 2 mM N-Ethylmaleimide (NEM) and denu-
dated by heating for 10 min, and centrifuged at 14,000 g for 15 min at
4 °C. The subsequent steps for the in vivo ubiquitination assay were
carried out as described above in methods of immunoprecipitation
and western blotting experiments.

The following antibodies were used: anti-TRPM7 (Sigma-Aldrich,
AB15562), WB 1:500; anti-phospho-IRS-1 (Ser307) (Cell Signaling
Technology, 2381), WB 1:1000; anti-IRS-1 (Cell Signaling Technology,
2382), WB 1:1000; anti-phospho-Insulin Receptor B (Tyr1345) (Cell
Signaling Technology, 3026), WB 1:1000; anti-Insulin Receptor 3 (Cell
Signaling Technology, 3025), WB 1:1000; anti-phospho-Akt (Ser473)
(Cell Signaling Technology, 4060), WB 1:1000; anti-Akt (Cell Signaling
Technology, 9272), WB 1:1000; anti-phospho-NFkB-p65 (Ser536) (Cell
Signaling Technology, 3033), WB 1:1000; anti-NFkB-p65 (Cell Signaling
Technology, 8242),WB 1:1000; anti-phospho-IKK{ (Ser180) (Cell Sig-
naling Technology, 2694), WB 1:1000; anti-IKK{ (Cell Signaling Tech-
nology, 8943),WB 1:1000; anti-lxBa (Cell Signaling Technology, 9242),
WB 1:1000; anti-phospho-TAK1 (Ser412) (Cell Signaling Technology,
9339), WB 1:1000; anti-TAK1 (Cell Signaling Technology, 5206), WB
1:1000, IP 1:50; anti-phospho-CaMKII (Thr286) (Cell Signaling Tech-
nology, 12716) WB 1:1000; anti-CaMKII (Cell Signaling Technology,
50049) WB 1:1000; anti-Ub (Cell Signaling Technology, 3936), WB

1:1000; anti-Flag (Sigma, F1804), WB 1:1000, IP 10 pl for 1 mg protein;
anti-HA (Sigma, H3663), WB 1:1000; anti-TRAF6 (Santa Cruz, sc-8409),
WB 1:1000, IP 4 pg for 1 mg protein; anti-c-Cbl (Santa Cruz, sc-1651),
WB:1:1000; anti-GAPHD (Proteintech, 60004-1-Ig), WB 1:2000; anti-a-
tubulin (Proteintech, 11224-1-AP), WB 1:2000; anti-rabbit (Cell Signal-
ing Technology, 7074), WB 1:2000; anti-mouse (Cell Signaling Tech-
nology, 7076), WB 1:2000.

Statistical analysis

All the replicate experiments are biological replicants which were
repeated at least three times. Raw data were applied directly in sta-
tistical analysis. All data are expressed as mean + SEM. All analyses were
performed by using SPSS 25 and GraphPad Prism 8 software. Com-
parison of two groups was determined by Student’s ¢ test for inde-
pendent samples and multiple groups by one-way ANOVA. All
statistical tests were two-tailed and the level for statistical significance
was 0.05.

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

Data availability

The experimental data generated during this study are available
from the Lead Contact (Min Gao, gaom9@mail.sysu.edu.cn) upon
request without restrictions. The RNA-seq data generated in this
study have been deposited in the NCBI's Sequence Read Archive
(SRA) database with the accession code PRJNA884894 and the
Genome Sequence Archive (GSA) database under accession num-
ber CRA0O08343. Source data are provided with this paper.

References

1. Rosen, E. D. & Spiegelman, B. M. What we talk about when we talk
about fat. Cell 156, 20-44 (2014).

2. Hill, J. O., Wyatt, H. R., Reed, G. W. & Peters, J. C. Obesity and the
environment: where do we go from here? Science 299,

853-855 (2003).

3. Reilly, S. M. & Saltiel, A. R. Adapting to obesity with adipose tissue
inflammation. Nat. Rev. Endocrinol. 13, 633-643 (2017).

4. Kammoun, H. L., Kraakman, M. J. & Febbraio, M. A. Adipose tissue
inflammation in glucose metabolism. Rev. Endocr. Metab. Disord.
15, 31-44 (2014).

5. Arruda, A. P. & Hotamisligil, G. S. Calcium homeostasis and orga-
nelle function in the pathogenesis of obesity and diabetes. Cell
Metab. 22, 381-397 (2015).

6. Draznin, B. et al. Possible role of cytosolic free calcium concentra-
tions in mediating insulin resistance of obesity and hyper-
insulinemia. J. Clin. Investig. 82, 1848-1852 (1988).

7. Byyny, R. L., LoVerde, M,, Lloyd, S., Mitchell, W. & Draznin, B.
Cytosolic calcium and insulin resistance in elderly patients with
essential hypertension. Am. J. Hypertens. 5, 459-464 (1992).

8. Chalmers, J. et al. Effects of combination of perindopril, indapa-
mide, and calcium channel blockers in patients with type 2 diabetes
mellitus: results from the Action In Diabetes and Vascular Disease:
Preterax and Diamicron Controlled Evaluation (ADVANCE) trial.
Hypertension 63, 259-264 (2014).

9. Ho,I.C., Kim, J. H., Rooney, J. W., Spiegelman, B. M. & Glimcher, L.
H. A potential role for the nuclear factor of activated T cells family of
transcriptional regulatory proteins in adipogenesis. Proc. Natl Acad.
Sci. USA 95, 15537-15541 (1998).

10. Yang, T.T. et al. Role of transcription factor NFAT in glucose and
insulin homeostasis. Mol. Cell. Biol. 26, 7372-7387 (2006).

1. Gao, M. et al. Redox signal-mediated TRPM2 promotes Ang II-
induced adipocyte insulin resistance via Ca(2+)-dependent CaMKIl/
JNK cascade. Metabolism 85, 313-324 (2018).

Nature Communications | (2023)14:491

17


https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA884894
https://bigd.big.ac.cn/gsa/browse/CRA008343

Article

https://doi.org/10.1038/s41467-023-36154-3

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

Koivisto, A. P., Belvisi, M. G., Gaudet, R. & Szallasi, A. Advances in
TRP channel drug discovery: from target validation to clinical stu-
dies. Nat. Rev. Drug Discov. 21, 41-59 (2022).

Krapivinsky, G., Krapivinsky, L., Manasian, Y. & Clapham, D. E. The
TRPM7 chanzyme is cleaved to release a chromatin-modifying
kinase. Cell 157, 1061-1072 (2014).

Zhang, Z. et al. Upregulation of TRPM7 channels by angiotensin I
triggers phenotypic switching of vascular smooth muscle cells of
ascending aorta. Circulation Res. 111, 1137-1146 (2012).

Clark, K. et al. TRPM7, a novel regulator of actomyosin contractility
and cell adhesion. EMBO J. 25, 290-301 (2006).

Du, J. et al. TRPM7-mediated Ca2+ signals confer fibrogenesis in
human atrial fibrillation. Circulation Res. 106, 992-1003 (2010).
Bernhardt, M. L. et al. TRPM7 and CaV3.2 channels mediate Ca(2+)
influx required for egg activation at fertilization. Proc. Natl Acad. Sci.
USA 115, E10370-E10378 (2018).

Shin, M. K. et al. Pharmacological and Genetic Blockade of Trpm7in
the Carotid Body Treats Obesity-Induced Hypertension. Hyperten-
sion 78, 104-114 (2021).

Shin, M. K. et al. Leptin Induces Hypertension Acting on Transient
Receptor Potential Melastatin 7 Channel in the Carotid Body. Cir-
culation Res. 125, 989-1002 (2019).

Jiang, J., Li, M. & Yue, L. Potentiation of TRPM7 inward currents by
protons. J. Gen. Physiol. 126, 137-150 (2005).

Desai, B. N. et al. Cleavage of TRPM7 releases the kinase domain
from the ion channel and regulates its participation in Fas-induced
apoptosis. Dev. Cell 22, 1149-1162 (2012).

Li, X. et al. Inhibition of transient receptor potential melastatin 7
(TRPM7) channel induces RA FLSs apoptosis through endoplasmic
reticulum (ER) stress. Clin. Rheumatol. 33, 1565-1574 (2014).

Jin, J. et al. Deletion of Trpm7 disrupts embryonic development and
thymopoiesis without altering Mg2+ homeostasis. Science 322,
756-760 (2008).

Schilling, T., Miralles, F. & Eder, C. TRPM7 regulates proliferation
and polarisation of macrophages. J. Cell Sci. 127, 4561-4566 (2014).
Schappe, M. S. et al. Chanzyme TRPM7 mediates the Ca(2+) influx
essential for lipopolysaccharide-induced toll-like receptor 4 endo-
cytosis and macrophage activation. Immunity 48, 59-74.e55 (2018).
Zhang, K. et al. Interleukin-18 enhances vascular calcification and
osteogenic differentiation of vascular smooth muscle cells through
TRPM7 activation. Arteriosclerosis Thrombosis Vasc. Biol. 37,
1933-1943 (2017).

Gotru, S. K. et al. TRPM7 kinase controls calcium responses in
arterial thrombosis and stroke in mice. Arteriosclerosis Thrombosis
Vasc. Biol. 38, 344-352 (2018).

Rios, F. J. et al. Chanzyme TRPM7 protects against cardiovascular
inflammation and fibrosis. Cardiovascular Res. 116, 721-735 (2020).
Kamermans, A., Planting, K. E., Jalink, K., van Horssen, J. & de Vries,
H. E. Reactive astrocytes in multiple sclerosis impair neuronal out-
growth through TRPM7-mediated chondroitin sulfate proteoglycan
production. Glia 67, 68-77 (2019).

Hell, J. W. CaMKIlI: claiming center stage in postsynaptic function
and organization. Neuron 81, 249-265 (2014).

Turlova, E. et al. TRPM7 mediates neuronal cell death upstream of
calcium/calmodulin-dependent protein kinase ii and calcineurin
mechanism in neonatal hypoxic-ischemic brain injury. Transl.
Stroke Res. 12, 164-184 (2021).

Ozcan, L. et al. Activation of calcium/calmodulin-dependent pro-
tein kinase Il in obesity mediates suppression of hepatic insulin
signaling. Cell Metab. 18, 803-815 (2013).

Liu, X. et al. CaMKIl promotes TLR-triggered proinflammatory
cytokine and type | interferon production by directly binding and
activating TAK1 and IRF3 in macrophages. Blood 112,

4961-4970 (2008).

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mukhopadhyay, H. & Lee, N. Y. Multifaceted roles of TAK1 signaling
in cancer. Oncogene 39, 1402-1413 (2020).

Huang, T. et al. A regulatory circuit of miR-125b/miR-20b and Wnt
signalling controls glioblastoma phenotypes through FZD6-
modulated pathways. Nat. Commun. 7, 12885 (2016).

Liu, D. et al. TNFAIP3 interacting protein 3 overexpression sup-
presses nonalcoholic steatohepatitis by blocking TAK1 activation.
Cell Metab. 31, 726-740.e728 (2020).

Yan, F. J. et al. The E3 ligase tripartite motif 8 targets TAK1 to pro-
mote insulin resistance and steatohepatitis. Hepatology 65,
1492-1511 (2017).

Ha, H., Han, D. & Choi, Y. TRAF-mediated TNFR-family signaling.
Curr. Protoc. Immunol. Chapter 11, 19D (2009).

Wang, P. X. et al. Hepatocyte TRAF3 promotes liver steatosis and
systemic insulin resistance through targeting TAK1-dependent sig-
nalling. Nat. Commun. 7, 10592 (2016).

Hong, S. et al. Smad7 binds to the adaptors TAB2 and TAB3 to block
recruitment of the kinase TAK1 to the adaptor TRAF2. Nat. Immunol.
8, 504-513 (2007).

Adhikari, A., Xu, M. & Chen, Z. J. Ubiquitin-mediated activation of
TAK1 and IKK. Oncogene 26, 3214-3226 (2007).

Scholz, R. et al. Autoactivation of transforming growth factor beta-
activated kinase 1is a sequential bimolecular process. J. Biol. Chem.
285, 25753-25766 (2010).

Ji, Y. X. et al. The ubiquitin E3 ligase TRAF6 exacerbates patholo-
gical cardiac hypertrophy via TAK1-dependent signalling. Nat.
Commun. 7, 11267 (2016).

Sontia, B., Montezano, A. C., Paravicini, T., Tabet, F. & Touyz, R. M.
Downregulation of renal TRPM7 and increased inflammation and
fibrosis in aldosterone-infused mice: effects of magnesium.
Hypertension 51, 915-921 (2008).

Romagnani, A. et al. TRPM7 kinase activity is essential for T cell
colonization and alloreactivity in the gut. Nat. Commun. 8,

1917 (2017).

Yang, J., Eliasson, B., Smith, U., Cushman, S. W. & Sherman, A. S.
The size of large adipose cells is a predictor of insulin resistance in
first-degree relatives of type 2 diabetic patients. Obesity (Silver
Spring) 20, 932-938 (2012).

Wuensch, T. et al. High glucose-induced oxidative stress increases
transient receptor potential channel expression in human mono-
cytes. Diabetes 59, 844-849 (2010).

Sun, Y., Sukumaran, P. & Singh, B. B. Magnesium-induced cell
survival is dependent on TRPM7 expression and function. Mol.
Neurobiol. 57, 528-538 (2020).

Brinkmann, V. et al. Fingolimod (FTY720): discovery and develop-
ment of an oral drug to treat multiple sclerosis. Nat. Rev. Drug
Discov. 9, 883-897 (2010).

Rohrbach, T. D. et al. FTY720/fingolimod decreases hepatic stea-
tosis and expression of fatty acid synthase in diet-induced non-
alcoholic fatty liver disease in mice. J. Lipid Res. 60,

1311-1322 (2019).

Liu, A. et al. Regulation of TRPM7 Function by IL-6 through the JAK2-
STAT3 signaling pathway. PloS one 11, 0152120 (2016).

Fang, L. et al. TGF-betal-elevated TRPM7 channel regulates
collagen expression in hepatic stellate cells via TGF-betal/
Smad pathway. Toxicol. Appl Pharm. 280, 335-344

(2014).

Greenstein, A. S. et al. Disruption of pressure-induced Ca(2+) spark
vasoregulation of resistance arteries, rather than endothelial dys-
function, underlies obesity-related hypertension. Hypertension 75,
539-548 (2020).

Arruda, A. P. et al. Defective STIM-mediated store operated Ca(2+)
entry in hepatocytes leads to metabolic dysfunction in obesity. Elife
6, 29968 (2017).

Nature Communications | (2023)14:491

18



Article

https://doi.org/10.1038/s41467-023-36154-3

55. Baumbach, J. et al. A Drosophila in vivo screen identifies store-
operated calcium entry as a key regulator of adiposity. Cell Metab.
19, 331-343 (2014).

56. Velmurugan, G. V. et al. Depletion of H2S during obesity enhances
store-operated Ca2+ entry in adipose tissue macrophages to
increase cytokine production. Sci. Signal. 8, ra128 (2015).

57. Vaeth, M. et al. Ca2+ signaling but not store-operated Ca2+ entry is
required for the function of macrophages and dendritic cells.

J. Immunol. 195, 1202-1217 (2015).

58. Krout, D. et al. The TRPC1 Ca(2+)-permeable channel inhibits
exercise-induced protection against high-fat diet-induced obesity
and type Il diabetes. J. Biol. Chem. 292, 20799-20807 (2017).

59. Sun, W. et al. Lack of TRPV2 impairs thermogenesis in mouse brown
adipose tissue. EMBO Rep. 17, 383-399 (2016).

60. Aarts, M. et al. A key role for TRPM7 channels in anoxic neuronal
death. Cell 115, 863-877 (2003).

61. Faouzi, M., Kilch, T., Horgen, F. D., Fleig, A. & Penner, R. The TRPM7
channel kinase regulates store-operated calcium entry. J. Physiol.
595, 3165-3180 (2017).

62. Runnels, L. W., Yue, L. & Clapham, D. E. The TRPM7 channel is
inactivated by PIP(2) hydrolysis. Nat. Cell Biol. 4, 329-336 (2002).

63. Langeslag, M., Clark, K., Moolenaar, W. H., van Leeuwen, F. N. &
Jalink, K. Activation of TRPM7 channels by phospholipase
C-coupled receptor agonists. J. Biol. Chem. 282, 232-239 (2007).

64. Oho, M. et al. TIPE2 (tumor necrosis factor alpha-induced protein
8-like 2) is a novel negative regulator of TAK1 signal. J. Biol. Chem.
291, 22650-22660 (2016).

65. Wang, L. et al. PLCbeta2 negatively regulates the inflammatory
response to virus infection by inhibiting phosphoinositide-mediated
activation of TAK1. Nat. Commun. 10, 746 (2019).

66. Kang, H. S. et al. Nuclear orphan receptor TAK1/TR4-deficient mice
are protected against obesity-linked inflammation, hepatic stea-
tosis, and insulin resistance. Diabetes 60, 177-188 (2011).

67. Sassmann-Schweda, A. et al. Increased apoptosis and browning of
TAK1-deficient adipocytes protects against obesity. JCI Insight 1,
e81175 (2016).

68. Lamothe, B. et al. Site-specific Lys-63-linked tumor necrosis factor
receptor-associated factor 6 auto-ubiquitination is a critical deter-
minant of | kappa B kinase activation. J. Biol. Chem. 282,
4102-4112 (2007).

69. Schmidt, M. H. H. & Dikic, I. The Cbl interactome and its functions.
Nat. Rev. Mol. Cell Biol. 6, 907-918 (2005).

70. Ismail, S. A., Vetter, I. R., Sot, B. & Wittinghofer, A. The structure of
an Arf-ArfGAP complex reveals a Ca2+ regulatory mechanism. Cell
141, 812-821 (2010).

71. Dou, H. et al. Structural basis for autoinhibition and
phosphorylation-dependent activation of c-Cbl. Nat. Struct. Mol.
Biol. 19, 184-192 (2012).

72. Li, X.Y. et al. LRRC8A is essential for volume-regulated anion
channel in smooth muscle cells contributing to cerebrovascular
remodeling during hypertension. Cell Prolif. 54, 13146 (2021).

73. Gao, M. et al. Low chloride-regulated CIC-5 contributes to arterial
smooth muscle cell proliferation and cerebrovascular remodeling.
Hypertension 79, e73-e85 (2022).

74. Liy, C. Z. et al. Endophilin A2 influences volume-regulated chloride
current by mediating CIC-3 trafficking in vascular smooth muscle
cells. Circulation J. 80, 2397-2406 (2016).

75. Liu, C. Z. et al. Endophilin A2 regulates calcium-activated chloride
channel activity via selective autophagy-mediated TMEM16A
degradation. Acta Pharm. Sin. 41, 208-217 (2020).

Acknowledgements

The authors thank Zheng Zhang and Mi Wang (Zhongnan University,
China) for sharing valuable reagents. We are also grateful to Canzhao Liu
(Southern Medical University, China) and Lei Liu (Chongging Medical
University, China) for commenting on an early version of the manuscript
and providing expert technical assistance. This work was supported by
the National Natural Science Foundation of China (No. 82173868 to M.G.
and No. 81703500 to M.G.), Natural Science Foundation of Guangdong
Province (2021A1515010407 to M.G., 2021A1515012427 and
2022A1515012471 to M.M.), Science and Technology Program of
Guangzhou (202102020190 to M.G. and 202102080097 to M.M.), and
“Jie Bang Gua Shuai” project of The Sixth Affiliated Hospital of Sun
Yat-sen University (2022JBGS14 to M.G.).

Author contributions

M.G. and X.L. supervised and conceptualized the whole study as senior
authors. W.Z. bred and performed the characterization of ATKO and
control mouse lines discussed. M.G., W.Z., M.M., and C.H. conducted
in vivo and in vitro experiments. M.M. and J.X. were responsible for data
analysis and manuscript review. M.G. wrote the manuscript with input
from all authors. Further information and requests for reagents may be
directed to and will be effectuated by Lead Contact, M.G.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36154-3.

Correspondence and requests for materials should be addressed to
Xiaoyan Li or Min Gao.

Peer review information Nature Communications thanks Kae Won Cho,
Wuping Sun and the other, anonymous, reviewers for their contribution
to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:491

19


https://doi.org/10.1038/s41467-023-36154-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Adipose-specific deletion of the cation channel TRPM7 inhibits TAK1 kinase-dependent inflammation and obesity in male mice
	Results
	Adipocyte-specific TRPM7 deficiency attenuates HFD-induced obesity
	Adipose-specific TRPM7 deletion protects against HFD-induced systemic insulin resistance
	Adipocyte-specific TRPM7 knockout mice have attenuated adipose inflammation induced by HFD
	TRPM7-dependent-Ca2+ influx regulates the NF-κB cascade to induce adipose inflammation
	TRPM7-mediated adipocyte inflammation depends on TAK1�activation
	TRPM7-dependent TAK1 phosphorylation requires both CaMKII and TRAF6
	TAK1 overexpression in the setting of overnutrition rescues adipose inflammation
	Pharmacological inhibition of TRPM7�suppresses adipose inflammation and improves glucose tolerance

	Discussion
	Methods
	Ethics statement, animal models, and treatments
	Primary mature adipocytes isolation
	Stromal vascular fraction isolation, differentiation and FACS�analysis
	Adipose tissue and liver histology analysis
	Metabolic studies
	Currents recording
	Ca2+ imaging
	Transfection
	RNA isolation, quantitative PCR and RNA-Seq
	Western blot analysis, Immunoprecipitation and ubiquitination assay
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




