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DISEASES AND DISORDERS

SBP2 deficiency in adipose tissue macrophages drives

insulin resistance in obesity

Ning Wang', Hor-Yue Tan', Sha Li', Di Wang?, Yu Xu', Cheng Zhang', Wen Xia®,

Chi-Ming Che*, Yibin Feng'*

Proinflammatory activation and accumulation of adipose tissue macrophages (ATMs) are associated with increased risk
of insulin resistance in obesity. Here, we described the previously unidentified role of selenocysteine insertion sequence-
binding protein 2 (SBP2) in maintaining insulin sensitivity in obesity. SBP2 was suppressed in ATMs of diet-induced
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obese mice and was correlated with adipose tissue inflammation. Loss of SBP2 initiated metabolic activation of ATMs,
inducing intracellular reactive oxygen species content and inflammasome, which subsequently promoted
IL-1B-associated local proliferation and infiltration of proinflammatory macrophages. ATM-specific knockdown
of SBP2 in obese mice promoted insulin resistance by increasing fat tissue inflammation and expansion. Reexpression
of SBP2 improved insulin sensitivity. Last, an herbal formula that specifically induced SBP2 expression in ATMs can
experimentally improve insulin sensitivity. Clinical observation revealed that it improved hyperglycemia in patients
with diabetes. This study identified SBP2 in ATMs as a potential target in rescuing insulin resistance in obesity.

INTRODUCTION
Obesity induces chronic inflammation that may cause the development
of insulin resistance and its common comorbidity, type 2 diabetes
(T2D) (1). Inflammation in the adipose tissues, especially in white
adipose tissue, predominantly controls insulin resistance (2). Adipose
tissue macrophages (ATMs) are considered to be the primary regulator
of inflammation in the adipose tissue of obese individuals (3). Upon
activation by environmental and metabolic factors, such as hypoxia,
hyperlipidemia, and hyperglycemia, ATMs become proinflammatory
and form crown-like structures (CLSs) around adipocytes (4). It has
been reported that the formation of CLSs in white adipose tissue is
negatively correlated with human insulin sensitivity (4).
Selenocysteine insertion sequence (SECIS)-binding protein 2 (SBP2)
is a protein encoded by SECISBP2. Physiologically, it functions to interact
with the SECIS RNA of selenoproteins to recruit translation and
assembly factors to the mRNA-protein complexes (5). SBP2 is therefore
considered as an essential factor for the translation of selenoproteins
in mammalian cells. In some metabolic diseases, the expression and
activity of SBP2 were aberrantly regulated by mutation. A homozygous
missense mutation in SBP2 might cause abnormal thyroid hormone
metabolism (6). A nonsense gene mutation that produces an early
stop codon (R128X) may cause an early arrest in the synthesis of
a full-length molecule (7). A compound heterozygous mutation
(R120X/R770X) in the DNA sequence of SBP2 inhibited the binding
of SBP2 to SECIS elements and blocked SBP2 function in trans-
lation of selenoproteins (8). This induced intracellular reactive
oxidative species (ROS) production, and susceptibility to ultraviolet
radiation-induced oxidative damage may mediate the observed
photosensitivity. Particularly, a mutation in SBP2 may result in
abnormal mononuclear cell cytokine secretion (9). An SBP2 mutation
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mouse model was detected with loss of SBP2 expression, which led
to reduced selenoprotein stabilization (10). However, the role of
SBP2 in the progression of insulin resistance during obesity remains
yet to be understood.

In this study, we analyzed the expression of SBP2 in the human
transcriptomic database and an experimental murine model of
obesity. We found that SBP2 expression was notably lower in
obese individuals with diabetes than in nondiabetic patients. SBP2
was majorly expressed in ATMs of white adipose tissue and inversely
correlated with the infiltration of proinflammatory macrophages.
Suppression of SBP2 repolarized M2-like ATMs to M1 phenotype,
which was proinflammatory and associated with adipogenicity and
insulin resistance. SBP2 loss in ATMs was induced by saturated fatty
acid-induced metabolic activation of ATMs, resulting in its local
proliferation and infiltration of proinflammatory macrophages in
adipose tissue. Mechanistically, SBP2 was associated with the expression
of several endogenous antioxidant proteins, which safeguarded ATMs
from ROS and inflammasome activation. Loss of SBP2 increased
intracellular ROS and activated inflammasome to process the
maturation of interleukin-1p (IL-1f). SBP2 may also bind to caspase-1
to block its association with inflammasome. Using a p-glucan particle-
based gene delivery system, we specifically modified the expression
of SBP2 in ATMs. Knockdown of SBP2 in ATMs accelerated the
progression of insulin resistance in diet-induced obese (DIO) mice,
while reexpression of SBP2 improved insulin sensitivity. Last, the
experimental and clinical efficacies of an SBP2-targeting pharmaco-
logical formula Tang-Ning Tong-Luo (TNTL) were identified. Our
study depicted that SBP2 in ATMs could be a potential target for the
remission of insulin resistance in obesity.

RESULTS

Reduced expression of SBP2 in ATMs promotes insulin
resistance during obesity

SBP2 was initially identified as a SECIS-binding protein that favored
selenocysteine-specific translation elongation in mammalian cells
(5). Particularly, a mutation in SECISBP2 may result in abnormal mono-
nuclear cell cytokine secretion (9). Physiological and pathological
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regulation of SBP2 expression during obesity has not yet been reported.
To understand the role of SBP2 in the progression of insulin resistance
during obesity, we first retrieved transcriptomic expression profile
of human CD14" mononuclear cells in adipose tissue from the Gene
Expression Omnibus database (GSE54350) (11). Notably, the expression
of SBP2 was lower in CD14" mononuclear cells of adipose tissue
from obese patients with T2D than those from nondiabetic controls
(Fig. 1A). Transcriptomics data from murine obese models revealed
a consistent loss of SBP2 expression in adipose tissue of mice with
4-week high-fat diet (HFD) treatment (data from GDS6247; fig. S1A)
(12). In contrast, in another study reporting the transcriptomic
analysis of CD14" monocytes and macrophages in adipose tissue of
nonobese and obese females (GSE100795), the change of SBP2
expression was insignificant (fig. S1, B and C) (13). This discrepancy
could be owing to the variation in sample size, collection of different
types of adipose tissue, or even gender difference of tested individuals
Given that change of SBP2 expression might be specific to stage of
diseases, types of adipose tissue, and specific cell populations in the
adipose tissue microenvironment, a DIO model was then established
to comprehensively measure the expression of SBP2 in adipose
tissue during disease progression. In HFD-induced obese mice, the
expression of SBP2 was gradually lost over the study duration (Fig. 1B).
Expression of selenoproteins thioredoxin reductase 1 (TRXND1) and
glutathione peroxidase 4 (GPX4), whose protein translation requests
involvement of SBP2, was also reduced during disease progression
(Fig. 1C). The presence of CD11b"F4/80" cells was incrementally
increased (Fig. 1D). Furthermore, the expression of SBP2 was particularly
reduced in the intra-abdominal adipose tissue (epiWAT) compared to
the brown adipose tissue (BAT) and subcutaneous fat pad (ingWAT)
(Fig. 1E). This was further evidenced by the observation that the
population of CD11b"F4/80" intra-abdominal ATMs was inversely
correlated to the expression of SBP2 in these samples (Fig. 1F).
Furthermore, by isolating different types of cells from the epiWAT
of mice fed with HFD using fluorescence-activated cell sorting
(fig. S1D), we observed that the expression of SBP2 was notably reduced
in F4/80" cells of the mononuclear population (Fig. 1G). These ob-
servations suggest the correlation between ATM infiltration and its
SBP2 expression in obesity.

Loss of SBP2 initiated classically proinflammatory activation
of ATMs

To reveal the biological significance of SBP2 suppression in ATMs
during obesity, we first measured the expression of SBP2 in differ-
entially activated ATMs. F4/80"CD11c* M1-like and F4/80"CD206"
M2-like ATMs were sorted from the adipose tissue of DIO mice to
measure the SBP2 expression. F4/80"CD11c" cells sorted from
adipose tissue expressed M1-like markers and showed significantly
lower expression of SBP2 than F4/80"CD206" ATMs that expressed
M2-like markers (fig. S2A). Similar results were also observed in
cultured bone marrow—derived macrophages (BMDMs), which were
polarized into M1-like phenotype with interferon-y or into M2-like
phenotype by IL4/IL13 (fig. S2B). Imaging assays confirmed that
the cytoplasmic expression of SBP2 in M2-like BMDMs was potently
higher than that in the M1-like population, while in both cells,
SBP2 did not localize in nuclei (fig. S2C). To further understand
the role of SBP2 in controlling ATM polarization, we overexpressed
either SBP2 in M1-like BMDMs (SBP20OE) or knockdown SBP2 in
M2-like BMDMs (SBP2KD) (fig. S2D). Overexpression of SBP2 in
M1-like BMDMs reskewed the cells toward M2-like phenotype,
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with an expression of M2-like markers. In contrast, the in vitro
knockdown of SBP2 caused the repolarization of M2 macrophages
to the M1-like phenotype (fig. S2, E and F). A previous study
showed that M2-like ATMs were essential for the maintenance of
normal size of adipocytes, restricting adipogenesis and control of
systemic insulin sensitivity (14). As suppression of SBP2 during
obesity was primarily found in ATMs instead in adipocytes, we
then examined whether the ATM phenotype skewing induced by
SBP2 knockdown regulates adipogenesis. 3T3-L1 pre-adipocytes
treated with a culture supernatant from M2 macrophages with
SBP2 knockdown exhibited reduced glucose uptake in the presence
of insulin (fig. S2G); in the meantime, expression of lipogenesis-
associated genes, such as stearoyl-CoA desaturase-1 (Scd1) and
fatty acid synthase (FASN), was elevated (fig. S2H). Unresponsiveness
of Akt signaling to insulin in 3T3-L1 cells upon treatment of cell
supernatant from M2-like BMDMs with SBP2 knockdown further
supported the claim that knockdown of SBP2 in macrophages
may indirectly blunt the insulin sensitivity of adipose tissue during
obesity (fig. S2I).

Loss of SBP2 induced inflammations in metabolically
activated ATMs without regulating its lysosomal exocytosis
It was previously shown that metabolically activated ATMs (MMe)
exhibited distinct phenotype from bacterially activated macrophages
(M1/M2 paradigm). MMe could develop activation of lysosome
biogenesis and might have lysosome-dependent lipid metabolism
during obesity, which was independent of M1 polarization and
inflammation activation (15). Another study from Kratz and colleagues
(16) suggested that MMe expressed proinflammatory phenotypes,
which was distinct from bacterially activated M1 macrophages
and might not process the classical inflammation activation Toll-
like receptor (TLR) pathway. A later study from the same laboratory
suggested that both inflammatory cytokine production (a detrimental
function) and lysosome exocytosis to dead adipocytes (a beneficial
function) were induced in MMe (17). To identify whether metabolic
stress could initiate loss of SBP2 expression in ATMs during obe-
sity, we treated BMDMs with various metabolic factors such as
10 mM glucose, 10 uM insulin, and 500 M palmitate to mimic the
condition of hyperglycemia, hyperinsulinemia, and hyperlipidemia,
respectively (16). Palmitate treatment but not glucose or insulin could
significantly suppress the expression of SBP2 in BMDM s (Fig. 2, A and B).
A recent study suggested that ATMs in lean mice acquired an
antioxidant phenotype, while ATMs isolated from obese mice
were prone to proinflammatory phenotype (18). Reduced expression
of CD206 was not observed during metabolic activation of macro-
phages by palmitate (fig. S3A). Overexpression of SBP2 in MMe
significantly suppressed the expression of CD11c and reduced
ROS production without elevating CD206 (Fig. 2C). Expression
of proinflammatory markers, such as IL1b, Mcpl, and Tnfa were
significantly suppressed upon SBP2 overexpression (Fig. 2D), while
the expression of lipid metabolism genes such as Plin2, Abcal,
and Cd36 was not significantly changed (fig. S3B). Staining of
Lysosomal-associated membrane protein 1 (LAMP1) and LAMP2
on the cell surface of MMe also suggested that lysosome exocytosis
in MMe was not probably affected by SBP2 overexpression (fig. S3C).
Both M1-like and MMe macrophages expressed a higher level of
intracellular ROS (fig. S3D). These findings may suggest that the role
of SBP2 in regulating MMe functions during obesity was restricted
within its regulation on inflammatory pathways.
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Fig. 1. SBP2 expression in ATMs was reduced during obesity. (A) Previous human subject data were collected from a Gene Expression Omnibus dataset (GSE54350). Expression
of SBP2 was retrieved, and a significant difference was found between obese individuals with or without diabetes. Mice were fed an HFD for 2, 4, and 8 weeks, and (B) the ex-
pression of SBP2, (C) the expression of anti-oxidative selenoproteins GPX4 and TXNRD1, and (D) the infiltration of CD11b*F4/80™ cells into adipose tissue were measured. The
ingWAT, interscapular BAT, and epiWAT were collected from mice fed with HFD for 4 weeks. (E) The expression of SBP2 was measured in different adipose tissues; epiWAT from
mice fed with HFD for 8 weeks was collected and separated using the Percoll protocol. (F) Expression of SBP2in adipose tissue of mice was correlated with the abundance of
CD11b*F4/80" proinflammatory macrophages. (G) Adipocytes, F4/807, and F4/80* mononuclear cells were collected to measure SBP2 expression. SBP2 showed significant
lower expression in F4/80" ATMs but not adipocytes or F4/80~ Stroma vascular fraction (SVF) cells. *P < 0.05, **P < 0.01, ***P < 0.001. not significant (n.s.), not significant.

SBP2 knockdown activated IL-1f production in ATMs

To further understand the in vivo regulation of SBP2 on adipose
tissue inflammation, we generated a macrophage-specific SBP2
knockdown model, as previously described (19), by using a particular
delivery system that targets ATMs (fig. S4A). Flow cytometry analyses
showed that the micrometer-sized glucan shells (GeRPs) encapsulating
the small interfering RNA (siRNA) against SBP2-targeted ATMs
silenced SBP2 expression (fig. S4B). The siRNA-encapsulated GeRP
particles were enriched in adipose tissues of DIO mice (fig. S4C)
while they were not observed in other major organs including liver,
pancreas, smooth muscles, and kidney (fig. S4D), suggesting the
specificity of gene knockdown by GeRP delivery system. There was
no significant food intake change between the Mock and SBP2KD
groups observed (fig. S4E). DIO mice with an injection of siRNA-
encapsulated GeRPs every other day showed substantial suppression
on the expression of SBP2 and its downstream selenoproteins in
ATMs, which, in turn, resulted in M1-like polarization of ATMs in
these mice (fig. $4, F to H). Accumulation of fat tissue was significantly
accelerated (Fig. 3B) due to the increased composition of fat tissue
(fig. S4I).

It was recently reported that IL-1B production by macrophages
caused a distinct proinflammatory signature in adipose tissue and
the development of T2D in obese patients (11). Notably, we observed
that ATM-specific knockdown of SBP2 expression in DIO mice
significantly increased the plasma level of IL-1f without changing
its endogenous antagonist IL1Ra (Fig. 2E). Sorted ATMs from
DIO mice, as well as palmitate-treated BMDMs, released more
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IL-1p with SBP2 knockdown (Fig. 2, F and G). SBP2 overexpression
suppressed the intracellular ROS level in both MMe and M1-like
macrophages (Fig. 2H and fig. S5A). Antibody-specific blockade of
IL-1p had minimal effect on the ROS status in MMe, but IL-1f blockade
could further reduce ROS in M1-like macrophages (Fig. 2H and
fig. S5A). No notable changes of SBP2 could be observed when
an IL-1B-neutralizing antibody was applied to either MMe or M1-like
macrophages (fig. S5B). Since MMe did not activate TLRs but
mainly depended on an inflammasome pathway to produce IL-1p,
and ROS may mediate inflammasome activation and IL-1p production
(20), these data also suggested that IL-1p production in SBP2 knockdown
ATMs could be dependent on inflammasome activation by ROS. This
was evidenced by the observation of caspase-1 p10 release and IL-1p
and IL18 production into the culture supernatant by sorted ATMs
from DIO mice, as well as palmitate-treated BMDMs upon SBP2
knockdown (Fig. 2, I and J). In addition, knockdown of SBP2 in
M2-like BMDM s increased the release of IL-1 in the presence of inflam-
masome activators adenosine triphosphate (ATP), monosodium urate
(MSU), and nigericin (fig. S5C). M2-like BMDMs challenged with inflam-
masome activators released caspase-1 p10 fraction and mature IL-1p into
the culture supernatant, and knockdown of SBP2 further accelerated this
process, while the intracellular pro-caspase-1, inflammasome elements
NLR family pyrin domain containing 3 (NLRP3) and apoptosis-
associated speck-like protein containing C-terminal caspase recruit-
ment domain (ASC) were not altered (fig. S5D). SBP2 overexpression
was able to further suppress IL-1p production in MMe in the presence
of ROS scavenger vitamin C (fig. S5E). Coimmunoprecipitation assays
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Fig. 2. Loss of SBP2 induced inflammations in metabolically activated ATMs and inflalmmasome-associated IL-1B production. In vitro metabolic activation of BMDMs
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Lean

revealed that SBP2 was bound to pro-caspase-1 rather than other
inflammasome components, such as ASC, NLRP3, or pro-IL-1 (fig. S5F).
SBP2 may compete with NLRP3/ASC complex in the association with
pro—caspase-1 (fig. S5G). This observation may suggest that SBP2
suppresses inflammasome activation in ATMs in both ROS-dependent
and ROS-independent manners.

While at an early stage of obesity, the expansion of ATMs might
be dependent on the local proliferation of macrophages in fat tissue
(21-23), the later development of adipose tissue inflammation
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critically involved macrophage infiltration and recruitment (24, 25).
We then examined whether the loss of SBP2 expression would
accelerate the local proliferation and infiltration of macrophage in
adipose tissue of obese mice. Using in vivo 5-ethynyl-2’-deoxyuridine
(EdU) incorporation assay, we identified that SBP2 knockdown in ATMs
could significantly accelerate the proliferation of macrophages (Fig. 2K).
PKH26 dye was used to trace the migration and infiltration of macro-
phages into the adipose tissue (21-23). SBP2 knockdown also resulted
in the infiltration of macrophages into the adipose tissue (Fig. 2L).
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Expression of SBP2 in PKH26-negative macrophages in obese mice had no
significant difference with that in PKH26-positive cells, while both
PKH26-negative and PKH26-positive macrophages had lower
expression than that in F4/80" macrophage in adipose tissue of lean
mice (Fig. 2M), suggesting that the loss of SBP2 expression during
obesity may not be primarily due to the difference between resident
and infiltrated macrophages, as the resident macrophages in adipose
tissue of obese mice also had reduced SBP2 expression.

SBP2 knockdown in ATMs accelerated insulin resistance
during obesity

As SBP2 was found to regulate IL-1f production in ATMs, we further
hypothesize that the loss of SBP2 in ATMs accelerates the development
of hyperglycemia and insulin resistance. Specific knockdown of
SBP2 in the ATMs of DIO mice exhibited no significant difference
in body weight gain (Fig. 3A). However, accumulation of fat tissue was
significantly accelerated (Fig. 3B) due to the increased composition
of fat tissue (fig. S4I). ATM-specific knockdown of SBP2 induced a
systemic response to glucose and insulin in DIO mice, as evidenced
by the higher fasting blood glucose (FBG) level, glucose intolerance,
and blunted response to insulin injection (Fig. 3, C to E). Consistently,
mice with 4-week SBP2 knockdown in ATMs had elevated serum
HbA1lc levels (Fig. 3F). The systemic response of Akt signaling in
the adipose tissue upon insulin injection was blunted by SBP2
knockdown in DIO mice (Fig. 3G), which was accompanied by
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infiltration of CD11b"F4/80" macrophages into adipose tissue (Fig. 3H).
Extended knockdown of SBP2 for another 4 weeks exacerbated the
glucose intolerance and insulin resistance of DIO mice (fig. S6, A to F).
However, the effect of SBP2 knockdown became subtle due to the
reduced level of SBP2 at 8 weeks in DIO mice with the Mock knockdown.
This was further evidenced by the observation that, in db/db mice,
which had only trace SBP2 expression in ATMs, further SBP2
knockdown showed the minimal effect on insulin resistance of the
mice (fig. S6, G to L). Male mice showed more significant response
to SBP2 knockdown than female mice (fig. S7, A to G). This was
consistent with the previous observation that male DIO mice had a
higher level of macrophage infiltration into the intra-abdominal
adipose tissue than female mice, while adipose tissue of female mice
developed increased regulatory T cells, which probably counteract
the progression of obesity (26). SBP2 knockdown in ATMs resulted
in larger-sized adipocytes in the visceral fat tissue of obese mice
(Fig. 31), with the increased expression of lipogenesis markers Scd1,
FASN, sterol regulatory element-binding protein 1, and diglyceride
acyltransferase 1 (Fig. 3]).

Reconstitution of SBP2 expression in obese mice improved
insulin sensitivity

To further identify the unique role of SBP2 in improving insulin
sensitivity during the progression of obesity, we used the B-glucan particle
system to deliver the transcription activator-like effectors-transcription
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factor (TALE-TF) construct to restore SBP2 expression (27). Obese
db/db mice with spontaneous development of insulin resistance had
low expression of SBP2 in ATMs (Fig. 4A). Delivery of customized
TALE-TF construct for SBP2 reconstituted the expression of SBP2 in
obese mice (Fig. 4A). Restoration of SBP2 initiated the repolarization of
ATM:s from M1-like phenotypes toward M2-like counterparts (Fig. 4B).
Although the body weight of obese mice exhibited no significant
reduction after SBP2 reconstitution (Fig. 4C), it was observed that the
expansion of adipose tissue was suppressed (Fig. 4D). Mice with SBP2
reexpression showed significantly lower FBG (Fig. 4E), as well as higher
sensitivity to glucose and insulin exposure (Fig. 4, F and G), which
indicated that the reexpression of SBP2 in obese mice recovered insulin
sensitivity and improved hyperglycemia. This was further proven by
the reduced level of serum HbA1c and increased adipose tissue Akt
activation to insulin treatment (Fig. 4, H and I). Furthermore, re-
expression of SBP2 in obese mice significantly reduced the inflammation

of adipose tissue, as evidenced by the suppression of CD11b"F4/80"
population (Fig. 4]). This could be partially attributed to the increased
anti-inflammatory M2-like population but reduced proinflammatory
M1-like counterparts within ATMs after SBP2 restoration (Fig. 4K),
as well as reduced secretion of IL-1p from SBP2-restored ATMs (Fig. 4L).
Reduced adipocyte diameters (Fig. 4M), as well as suppression of
adipogenesis-associated genes (Fig. 4N), suggested that the restoration
of SBP2-suppressed adipose tissue expansion depends on the remodeling
of ATM phenotypes.

Pharmacological activation of SBP2 in ATMs using
standardized preparation of an herbal formula improved
hyperglycemia in obese animal

To further identify the potential of SBP2 as a drug target in reversing
obesity-induced insulin resistance, we screened a candidate pool
containing a series of compounds, herbal extracts, and traditional
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Fig. 4. Overexpression of SBP2 improved insulin sensitivity and suppressed adipogenesis in obese mice. (A) SBP2 restoration induced (B) expression of M2-like
genes instead of M1-like ones in sorted ATMs of db/db mice. SBP2 overexpression (C) did not change the body weight but (D) reduced adipose tissue weight, (E) improved
FBG levels, (F) glucose intolerance and (G) insulin sensitivity, (H) serum HbA1c levels, (1) sensitized adipose insulin-responsive Akt pathway, and (J) reduced macrophage
infiltration in adipose tissue. (K) Reexpression of SBP2 reduced M1-like macrophages but increased M2-like populations. (L) Sorted SBP2-overexpressing ATMs exhibited
reduced inflammasome activation. SBP2 overexpression induced (M) smaller adipocyte diameters and (N) reduced expression of lipogenesis-associated genes. *P < 0.05,

**P <0.01, ***P < 0.001.
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medicine formulas. An herbal formula named TNTL decoction,
which is a holistic treatment used in the remote mountainous
regions of southwestern China, was found to substantially elevated
SBP2 expression in M1-like BMDMs (Fig. 5A). Composed of
four herbs Lonicera hypoglauca, Agrimonia pilosa Ledeb., Plantago
depressa Willd., and Trichosanthes Kirilowii Maxim., TNTL has been
used by local herbalists as the effective treatment for patients with
T2D. For our study, a standardized formulated hospital-prepared TNTL
was used, and liquid chromatography-tandem mass spectrometry
analysis of its chemical composition revealed that TNTL is composed
mainly of gallic acid (fig. S8A). Its potential acute and chronic
toxicities were measured, and the results of which showed that both the
short- and long-term uses of TNTL were likely safe (fig. S8, B to G).
In vivo study revealed that SBP2 was explicitly induced in ATMs of
db/db mice treated with TNTL (Fig. 5, B and C). To identify the role
of TNTL-mediated SBP2 in ATMs in insulin resistance, we used the
GeRP delivery system to knock down the expression of SBP2 in the
ATMs of TNTL-treated obese db/db mice. The improvement of FBG,
as well as systemic sensitivity to glucose and insulin in TNTL-treated
mice, could be abolished entirely upon ATM-specific knockdown
of SBP2 (Fig. 5, D to K). These data suggest that the therapeutic
effect of TNTL was dependent on SBP2 expression in ATMs.

TNTL improved hyperglycemia in patients with diabetes

An open-label clinical study on the efficacy of TNTL was then
conducted in hospitalized patients diagnosed with T2D (table S1).
Significant improvements in the FBG levels (P = 0.0125; Fig. 6A)
and 2-hour postprandial glucose levels (P = 0.0479; Fig. 6B), as well
as significant decrease in blood glycated hemoglobin (HbAlc)
levels (P = 0.0187; Fig. 6C), were observed after 3 months of treatment.
The gender difference showed no impact on the efficacy of TNTL
(Fig. 6D). In addition, no significant difference could be observed
between the net changes of FBG, the improvement of TNTL to
2-hour postprandial blood glucose, and serum HbA1c levels in adult
and elderly (Fig. 6E). These data suggest that TN'TL, as a therapeutic
agent targeting SBP2 in ATMs, exhibited clinical efficacy in reducing
hyperglycemia in patients with diabetes.

DISCUSSION

A recent study suggested that ATMs in lean mice acquired an
antioxidant phenotype, while ATMs isolated from obese mice were
more proinflammatory phenotype. In the adipose tissue of lean mice,
macrophages were represented as an antioxidative phenotype, while
in the adipose tissue of obese mice, macrophages presented as a
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Fig. 5. A holistic formula TNTL targeting SBP2in ATMs improved insulin resistance in obese mice. (A) SBP2 expression in M1-like BMDMs was notably higher after
oral (per os, p.o.) treatment with TNTL. (B and C) TNTL treatment induced SBP2 expression in ATMs of db/db mice. (D) Macrophage-specific knockdown of SBP2in TNTL-treated
mice abrogated the effects of TNTL. (E) TNTL treatment did not affect body weight gain but (F) reduced adipose tissue weight. Knockdown of SBP2in ATMs abrogated the
therapeutic effect of TNTL on (G) FBG levels, (H) glucose intolerance, (1) insulin sensitivity, (J) serum HbA1c levels, and (K) sensitized adipose insulin-responsive Akt

pathway. *P < 0.05, **P < 0.01, ***P < 0.001.
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proinflammatory phenotype (18). SBP2 is required for the synthesis
of several antioxidant selenoproteins, which is involved in antioxidant
defense, likely via preventing ROS formation (8). As ROS predominantly
mediates macrophage differentiation and proinflammatory M1 macro-
phage polarization and activation (28), ROS scavenging by selenium-
induced selenoproteins may have the beneficial effects of improving
the inflammatory microenvironment of adipose tissue in obesity.
Reduced expression of several selenoproteins was found to be associated
with the risk of insulin resistance and obesity. Expression of seleno-
protein was suppressed in adipose tissue of obese pig fed with HFD
(29). Selenocysteine lyase knockout mice, which could not correctively
generate selenoproteins, showed more susceptible to DIO (30), while
systemic overexpression of a selenoprotein MsrA in the mitochondria
of the cells preserved insulin sensitivity in DIO mice (31). Our study
may also suggest the role of SBP2-associated selenoproteins in ATMs
for maintaining their antioxidant phenotype.

It was generally regarded that ATMs in lean tissue are anti-
inflammatory and have an alternatively activated phenotype, in which
they express the M2-like markers Ym1, arginase-1, and IL10 and
the cell surface antigen CD206, while ATMs from obese tissue
are prone to proinflammatory M1-like phenotype, in which they express
classically activated markers, such as tumor necrosis factor-o and
inducible nitric oxide synthase and the cell surface antigen CD11c
(32). However, several recent studies identified that metabolically
activated ATMs (MMe) has distinct phenotypes to bacterially activated
macrophages (M1/M2 paradigm). MMe expressed proinflammatory
phenotypes, which was distinct from bacterially activated M1-like
macrophages and might not process the classical inflammation
activation TLR pathway (16). MMe could also develop activation of
lysosome biogenesis and might have lysosome-dependent lipid
metabolism during obesity, which was independent of M1 polarization
and inflammation activation (15). It is interesting to find that SBP2
overexpression may differentially regulate the expression of CD206
in metabolically and bacterially activated macrophages. SBP2 over-
expression elevated CD206 in M1-like macrophages, which was not
observable in MMe. LPS-induced classical activation of macrophages
involved decreased CD206 presentation via TLR4/myeloid differen-
tiation primary response 88 (MYD88)/ROS/NF-kB (nuclear factor-kB)
pathway activation (33), which was merely observed in metabolically
activated macrophages (16). The regulation of CD206 expression by
SBP2 may therefore be associated with its differential roles on TLR
activation in differently activated macrophages. In addition, in vivo
recovery of SBP2 expression in diabetic db/db mice showed increased
CD206 presentation on the macrophage cell surface. Established obese
diabetes was observed with significant macrophage infiltration into
the adipose tissue. Infiltrated macrophages during obesity development
exhibited M1-like phenotype with TLR pathway activation (33),
while the resident macrophages presented a MMe phenotype. This
may also suggest that SBP2 overexpression in ATMs may target the
heterogeneous macrophage populations in adipose tissue micro-
environment and suppress inflammation activation in both M1-like
and MMe macrophages.

ATMs activated TLR4 and inflammasome pathways to produce
IL-1pB, which could be secreted into the circulating system and mediated
the infiltration of proinflammatory macrophages into the obese
adipose tissue (25). We found that SBP2 overexpression blocked
IL-1P production in both M1-like and MMe macrophages. Since
MMe does not activate the TLR pathway but mainly depends on the
inflammasome pathway to produce IL-1p, these data also suggest

Wang et al., Sci. Adv. 2019; 5 : eaav0198 14 August 2019

that the role of SBP2 in suppressing IL-1p in MMe could be highly
inflammasome dependent. The role of SBP2 in regulating oxidative
status-associated MMe phenotype and inflammasome may have
cross-talk, which could not be fully distinguished, as a previous
study showed that ROS might mediate inflammasome activation
and IL-1p production (34). However, there may be some independent
actions. A previous study showed that, in macrophages lack of seleno-
protein expression, the inflammatory cytokine expression had not
much changes (35), which suggested that scavenge of oxidative stress
by antioxidant could not completely block IL-1p production. In the
presence of potent antioxidant vitamin C, overexpression of SBP2
was able to further repress IL-1p production in MMe through interfering
caspase-1 activation by the competitive binding to the pro-form of
caspase-1. Overall, we suggested that SBP2 may present diverse
function in suppressing inflammation in proinflammatory macrophages:
First, SBP2 is responsible for the selenium-dependent translation of
several endogenous antioxidant proteins, which keep a low level of
intracellular ROS. As ROS is one of the well-known inducers of the
inflammasome, SBP2-inhibiting intracellular ROS would lead to
inflammasome inactivation; on the other hand, activated inflammasome
recruits caspase-1, which executes IL-1p maturation. SBP2 could bind
to caspase-1, keeping it away from inflammasome. Antibody-specific
blockade of IL-1P had minimal effect on the ROS status in MMe, but
IL-1p blockade could further reduce ROS in M1-like macrophages,
suggesting that IL-1( majorly plays as downstream of ROS production.
It is not fully understood why blockade of IL-1f could further reduce
ROS in M1-like macrophages but not MMe. Extracellular IL-1f
could activate the IL1R pathway to produce more intracellular ROS
(36). However, it was postulated that TLR4 activation in M1-like
macrophages could suppress the production of an endogenous
inhibitor of IL-1p, IL1Ra, which competitively binds to IL1R against
IL-1pB (37), while in our study, we observed that SBP2 had the minimal
effect of IL1Ra production in MMe. The further ROS suppression
by IL-1f antibody in M1-like macrophages but not MMe may be due
to the insufficient presence of IL1Ra due to TLR4 activation, allowing
the additional IL-1B-IL1R binding for ROS production in M1-like
macrophages. The mechanism underlying SBP2-regulated ATMs
was proposed in Fig. 6F.

An obese individual may maintain a state of glucose intolerance
for years before developing overt insulin resistance and hyperglycemia,
which may only have minimal impact on the overall health (38). At
this stage, adipose tissue undergoes expansion to increase the lipid
storage, and there are only mild changes in the free fatty acid levels.
When adipose tissue fails to buffer the fat influx, excessive free fatty
acid occurs as an underlying cause of the onset of insulin resistance
and T2D (39). The onset of diabetes-associated symptoms in obesity
was accompanied by a marked increase of fatty acid that accounted
for chronic factors such as glucolipotoxicity, inflammation, endo-
plasmic reticulum stress, and oxidative stress (40). While at an early
stage of obesity, the expansion of ATMs might be dependent on the
local proliferation of macrophages in fat tissue (21-23), the later
development of adipose tissue inflammation critically involved
macrophage infiltration and recruitment (24, 25). The role of SBP2
loss in promoting the infiltration of macrophages into adipose
tissue and their local proliferation further suggested that loss of SBP2
expression during obesity was more likely to drive diabetes onset in
obesity. Although measurement of phenotypic changes of ATMs
after SBP2 knockdown in this study seemed complicated and might
not utterly conclusive due to the current limitation in characterizing
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cell phenotype markers, all the current findings suggested that loss
of SBP2 expression induced by fatty acid might be a promoting factor
in accelerating hyperglycemia and insulin resistance in obesity.

TNTL is a holistic treatment used by ethnomedical practitioners
in remote mountainous regions of southwestern China, where the
experience of its successful application for treating the diabetic-like
symptom. Although, in this study, an open-label, pilot clinical test
preliminarily proved the efficacy of the standardized form of this
ethnic medicine, large-scale randomized controlled trials (RCT's)
with placebo control are necessary to prove its application within
different groups of patients. Opening the labels of two large-scale
RCTs (NCT02174042 and NCT02161276) in the near future will
bring the conclusion that may justify the efficacy of TNTL in Chinese
patients with diabetes.

In summary, we found that the expression of SBP2 was suppressed
in ATMs during obesity. Loss of SBP2 induced M1-like repolarization
from M2-like ATMs, in which the secreted factors by M1-like ATMs
govern proinflammatory leukocyte infiltration and adipocyte lipogenesis
in fat tissues. SBP2 loss in ATMs induced by saturated fatty acid
induced metabolic activation of ATMs, resulting in its local proliferation
and infiltration of proinflammatory macrophages in adipose tissue.
Mechanistically, SBP2 was associated with the expression of several
endogenous antioxidant proteins, which safeguarded ATMs from ROS
and inflammasome activation. Loss of SBP2 increased intracellular
ROS and activated inflammasome to process the maturation of IL-1f.
SBP2 might also bound to caspase-1 to block its association with
inflammasome. Thus, SBP2 deficiency in ATMs accelerated obesity-
induced insulin resistance, while reexpression of SBP2 attenuated
insulin resistance in obese mice. Last, a holistic formula TNTL
treatment targeting SBP2 in ATMs reversed obesity-induced insulin
resistance in an experimental murine model and improved hyper-
glycemia in patients with diabetes. Our study suggested that SBP2 in
ATMs may be a potential therapeutic target in the treatment of
obesity-induced insulin resistance.

MATERIALS ANDMETHODS

Study approval

All biological samples were obtained from the patients following
written informed consent. The study obtained approval from
the Institutional Review Board of the Bailin’ Diabetic Hospital. This
study was performed in accordance with the Declaration of Helsinki
protocols. Protocols for animal studies were approved by the Committee
for the Use of Laboratory Animals for Teaching and Research of the
University of Hong Kong.

Human subjects and clinical treatment

Twenty hospitalized participants meeting the following criteria were
included: (i) 20 to 80 years of age, (ii) diagnosed with T2D (FBG >
7.0 mM or 2-hour postprandial blood glucose > 11.0 mM), and (iii)
had not participated in other trials in the past 3 months. Patients
received TNTL equivalent to 13.5 g of herbal weight every day for
3 months. A total of 5 ml of blood was taken, and FBG, 2-hour
postprandial glucose, and serum HbA1c levels were measured at the
beginning and the end of treatment.

Animal models
For DIO murine model, 5-week-old C57BL/] mice received HFD
(60% kcal from fat; Research Diets, USA) for 2, 4, or 8 weeks. The
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particular duration of HFD feeding was indicated in the individual
test. Mice receiving the normal chow diet were used as normal
controls; 8-week-old male db/db mice (the Jackson laboratory, USA)
were subjected to FBG tests. Only db/db mice with FBG > 15.0 mM
were included in the study. Each experimental group contained six
mice except particular remarks.

Statistical analysis

Statistical significance was determined by the Student’s ¢ test (two-
tailed) and one-way analysis of variance (ANOVA) using GraphPad
Prism 6 (GraphPad Software, La Jolla, CA). P < 0.05 was considered
significant. Other experimental details can be found in the Supple-
mentary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaav0198/DC1

Supplemental Experimental Details

Fig. S1. Determination of SBP2 expression in SBP2 tissue.

Fig. S2. SBP2 expression controls the phenotype polarization of ATMs.

Fig. S3. SBP2 overexpression had no significant effect on the lysosome exocytosis of MMe.
Fig. S4. Glucan-mediated macrophage-targeted delivery specifically suppressed SBP2in ATMs.
Fig. S5. SBP2 suppressed activation of caspase-1 by the inflammasome.

Fig. S6. Eight-week knockdown of SBP2in ATMs accelerated insulin resistance in DIO mice but
not in diabetic db/db mice (n = 6).

Fig. S7. SBP2 knockdown in ATMs produced a more pronounced effect in male mice than
female mice.

Fig. S8. Chemical and safety analysis of TNTL.

Table S1. Basic information of patients observed in the study.

Table S2. Primers to be used for quantitative reverse transcription polymerase chain reaction.
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