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Increased o-HB links colorectal cancer and
diabetes hy potentiating NF-<B signaling
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ABSTRACT

Sufficient evidence has linked many different types of cancers and T2D through shared risk factors; however, the underlying mechanisms are not
fully understood. o-Hydroxybutyrate (a-HB), a byproduct metabolite increased in diabetes and cancer, including colorectal cancer (CRC), triggers
lactate dehydrogenase A (LDHA) nuclear translocation. Nuclear LDHA markedly extends NF-kB nuclear retention by interacting with phos-
phorylated p65, leading to an increase in TNF-ot production, impaired insulin secretion and the exacerbation of azoxymethane (AOM)/dextran
sodium sulfate (DSS)-induced CRC and high-fat diet (HFD)-induced type 2 diabetes. Furthermore, metformin interrupted this process by inhibiting
the transcription of FOXM1 and c-MYC, the resultant downregulation of LDHA expression and a-HB-induced LDHA nuclear translocation. Thus,
the results reveal the elevated «.-HB level could be a novel shared risk factor of linking CRC, diabetes and the use of metformin treatment, as well

as highlight the importance of preventing NF-kB activation for protecting against cancer and diabetes.
© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Cancer is becoming a leading cause of death and the global cancer
burden is still increasing [1]. Epidemiological studies have reported the
increased risk of diabetes in adolescent and adult cancer survivors [2],
while the increased risk of certain kinds of cancer, including colon,
pancreas, bladder, breast, cervial, stomach and liver, has also been
observed in patients with type 2 diabetes (T2D) [3], indicating the
positive association between diabetes and cancers. The biological
mechanisms underscoring the relationship between the two multi-
factorial disorders involve several common risk factors, including ag-
ing, sex, lifestyle factors, hyperglycemia and chronic inflammation [4],
however, it still requires further exploration for the development of
effective prophylactic and therapeutic strategies.

The overproduction of reactive oxygen species (ROS) and a variety of
inflammatory mediators, such as TNF-o. and IL-6[5,6], predisposing
individuals to a systemic, chronic, and low-grade metabolic inflam-
matory state (termed metaflammation) and resultant immunological
disorders, largely contributing to the development of various diseases,
including cancers and T2D [7]. Many cancers develop from infectious
and chronic inflammatory sites, and an inflammatory condition often
precedes the development of cancer. Proinflammatory transcription
factors such as NF-kB and STAT3 are constitutively activated in
various cancer types; thus, inflammation is a critical component of
carcinogenesis and tumor progression [8]. In addition, diabetes is

usually associated with a low-grade proinflammatory state [9]. Thus,
metaflammation appears to be a key connection between cancer and
T2D.

Cancer and diabetes are common metabolic disorders, charaterized by
extensive changes in various metabolites, such as amino acids and
their derivatives [10], lipid metabolites [11] and carbohydrates [12], but
the functions of these factors in diseases-associated complications
remain largely unknown. o.-Hydroxybutyrate (c-HB) is an organic acid
catalyzed by lactate dehydrogenase (LDH) from a-ketobutyrate (o.-KB)
and is involved in threonine and methionine—cysteine metabolism and
glutathione synthesis [13]. Increased cysteine levels have been
observed in patients with cancer and diabetes, which may lead to
elevated o-KB and a.-HB levels, while methionine restriction in the diet
can suppress tumorigenesis and improve insulin sensitivity [14—17].
To identify metabolite biomarkers for cancer diagnosis, increased o.-
HB levels have been observed in certain types of cancer, such as
colorectal cancer (CRC) [18,19], hepatocellular carcinoma [20], gastric
cancer [21], lung cancer [22] and diffuse large B-cell lymphoma [23].
In addition, consistent with upregulated cysteine levels, increased o-
HB concentrations in the plasma of diabetic patients predict insulin
resistance and impaired glucose homeostasis [13], which was further
verified by accumulating evidence [24—26]. The decline in o-HB
induced by gastric bypass surgery significantly improves insulin
sensitivity in patients, further suggesting that o-HB is a potential
biomarker for tracking glycemic conditions and detecting impaired
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glucose homeostasis [27]. Moreover, the relationship between upre-
gulated o-HB and other diseases, including obesity [28,29], remote
ischemic conditions [30] and metabolic syndrome [31], has also been
disclosed.

The role of inflammation in T2D and certain cancers has been highly
examined; however, it is unclear whether or how o-HB is linked to
metainflammation in these human disorders. Here, we investigated the
biological function and regulatory mechanism by which o-HB links CRC
and T2D.

2. RESULTS

2.1. o-HB treatment exacerbates AOM/DSS-induced CRC in mice
Given the upregulation of a.-HB in CRC patients [18], we first explored
whether a-HB treatment could affect AOM/DSS-induced CRC, a con-
ventional inflammation-driven murine CRC model [32,33]. The results
showed that combined a-HB treatment significantly increased tumor
volumes and diameters in colorectal sites and mortality rate, while
decreased overall surivival compared to AOM/DSS alone (Figure 1A,B,
Figs. STA and S1B), suggesting a protumorigenic effect of a-HB on
inflammation-driven CRC development. In addition, AOM/DSS alone
resulted in significant body weight loss and shorter colon lengths
compared to the control treatment, while the combination with o-HB
further worsened these conditions. However, o-HB alone had no effect
on body weight or colon length, similar to the control treatment
(Figure 1C,D). These results indicate that o.-HB may exacerbate AOM/
DSS-induced local inflammatory injury and subsequent CRC devel-
opment, while o-HB alone had no effect on initiating inflammatory
injury.

The crosstalk between the immune system and tumors plays an
important role in cancer pathogenesis, including inflammation-driven
CRC tumorigenesis [33]. Next, we performed flow cytometry to
examine immune cells, including CD4" and CD8" T cells, B cells,
macrophages, myeloid-derived suppressor cells (MDSCs), neutrophils,
NK cells, NKT cells, DCs and/or Ter cells, in the spleen, blood and/or
colon. Compared to control treatment, o.-HB alone did not affect the
proportions of these immune cells in any of the three locations except
for reducing NK cells in the spleen (Fig. S1C) and B cells in blood
(Fig. S1M), and elevating NKT, MDSCs in blood (Fig. S10), while AOM/
DSS alone reduced NK cells in the spleen (Fig. S1C), CD4™ and CD8" T
cells and B cells in blood (Fig. S1K-M) and elevated MDSCs in the colon
(Figure 1G) and blood (Fig. S10), neutrophils in blood (Fig. S1P), and
macrophages and neutrophils in the colon (Fig. S1S-T). Furthermore,
compared to AOM/DSS treatment alone, combined o-HB treatment
reduced CD4" and CD8" T cells and NK cells in the spleen
(Figure 1E,F, and Fig. S1C) and increased MDSCs in the colon
(Figure 1G) and Ter cells in the spleen (Fig. S1D). Ter cells are tumor-
inducible, erythroblast-like cells deriving from megakaryocyte-
erythroid progenitor cells, promoting tumor progression by secreting
neurotrophic factor artemin [34]. Besides, using an immunohisto-
chemical assay, we further confirmed the significantly reduced levels
of CD4™" and CD8™ T cells in the colon in response to a:-HB combined
treatment compared to AOM/DSS alone (Fig. S1U). Next, we measured
the levels of 39 cytokines and chemokines in colon tissue homoge-
nates (CTHs) using LEGENDplex Multiplex Bead Assays. Consistent
with the results in immune cells, «-HB alone failed to markedly alter
the expression of 39 cytokines and chemokines compared to the
control treatment (Fig. S2). Of the 39 cytokines and chemokines, TNF-
o was increased dramatically in the colon in mice after a.-HB combined
treatment compared to the effect of AOM/DSS alone, although AOM/
DSS alone did significantly upregulate TNF-a levels (Figure 1H). In

addition, we found that in the AOM/DSS treatment groups, combined
o-HB increased local IL-6 levels without a significant difference
(Figure 1) and reduced local CXCL13 levels with a slight difference
(Fig. S2Ba). These results support our and other findings that the
reverse correlation between CD8™ T cells and the MDSC proportion is
closely associated with CRC tumorigenesis [33], and TNF-a. and IL-6
are highly involved in the development of colitis-associated cancer
[35,36]. The increased local TNF-o. level may facilitate the survival,
recruitment and function of MDSCs that impair the antitumor immune
response of CD8™ T cells [37]. Furthermore, TNF-a. may directly
stimulate activation-induced cell death in T cells, especially CD8* T
cells [38]. The lower CXCL13 level in the a-HB combination group
suggests that fewer CXCR5™ B or T cells were recruited to the local
inflammatory microenvironment than in the AOM/DSS alone group
[39,40].

Next, we measured the plasma a.-HB concentration to quantitatively
decipher its association with tumor development and the immune
response. It has been recognized that ROS can accumulate in the
local CRC site [41], thus increasing o-HB production [42]. We
observed a significant increase in the plasma o-HB concentration
after a-HB or AOM/DSS administration, and combined treatment
with AOM/DSS and o-HB further elevated plasma o-HB levels
(Figure 1J). Furthermore, the plasma o-HB concentration was
closely correlated with tumor size (Figure 1K) and number
(Figure 1L), local levels of TNF-a. (Figure 1M) and IL-6 (Figure 1N),
CD4™ (Figure 10) and CD8™ (Figure 1P) T cells in the spleen, and
MDSCs in the colon (Figure 1Q). Taken together, these findings
suggest that o-HB can accelerate the progression of inflammation-
driven CRC in an AOM/DSS-induced murine model by potentiating
inflammation and impairing antitumor immunity, and this effect may
be mediated by increased local TNF-a.

2.2. o-HB promotes insulin resistance in HFD-induced obesity-
associated murine T2D

Due to the tight link between cancer and insulin resistance/T2D, we
next investigated the role of a-HB in high-fat diet (HFD)-induced T2D.
After treatment with normal chow (NC, and no a.-HB), a.-HB, HFD, or o.-
HB plus HFD for 24 weeks, the body weight in both HFD-fed groups
increased as expected, while o-HB failed to induce any alterations
regardless of HFD or normal chow feeding (Fig. S3A), indicating that a
HFD but not a-HB affects body weight. To further explore the effect of
o-HB on glucose homeostasis, we performed the glucose tolerance
test (GTT) and insulin tolerance test (ITT) on all four groups of mice.
Consistent with the body weight change, a.-HB alone induced the same
effect as NC on the GTT (Figure 2A) and ITT (Figure 2B). However, mice
fed a HFD alone showed much more intolerance to glucose and insulin
than mice that received NC and o.-HB alone, which was further
worsened by the additional o-HB treatment (Figure 2A,B). This result
suggests that o-HB alone has no effect on glucose homeostasis, but it
can exacerbate HFD-induced obesity-associated insulin resistance as
a concurrent treatment.

Accumulating evidence demonstrates that activation of the immune
system and cytokine-mediated chronic inflammation are highly
involved in the pathogenesis of T2D [43]. To investigate possible im-
mune system changes in the different groups, we analyzed the pro-
portions of CD4" and CD8™ T cells, macrophages and neutrophils in
the spleen, blood, and two central organs involved in glucose and lipid
metabolism (the liver and epididymal adipose tissue) by flow cytom-
etry. Consistent with the effect on glucose homeostasis, a-HB had no
effect on the composition of immune cells in these tissues in NC-fed
mice (Figure 2C, Fig. S3B-Q). Furthermore, a HFD also induced
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Figure 1: o-HB treatment promotes AOM/DSS-induced CRC. (A) Images of colons in the A/D and A/D-+oa.-HB groups collected at the end of the CRC induction regimen. (B)
Polyp/Tumor diameter sums and numbers were measured and counted in the A/D and A/D-+a.-HB groups. (C—D) Body weights changes and colon lengths in the four groups were
calculated. (E—G) CD4™ T cells (E, defined as CD3* and CD4™) and CD8™ T cells (F, defined as CD3™ and CD8™) in the spleen and MDSCs (G, defined as CD11b™ and Gr-17) in

colon were examined by flow cytometry. (H—I) Local concentrations of TNF-o

(H) and IL-6 (I) in CTH of the four groups were measured by ELISA. (J) a-HB concentrations in the

plasma in the NC, c-HB, A/D and A/D+a.-HB groups were determined by LC/MS—MS. (K—Q) The correlation between a:-HB concentrations and tumor diameter sums (K), tumor
numbers (L), TNF-o. (M) and IL-6 (N) concentrations in CTH, CD4™ T cells (0) and CD8™ T cells (P) in the spleen and MDSCs (Q) in the colon. NC, n = 5; a-HB, n = 6; A/D, n = 11;
A/D+a-HB, n = 15 (A-D, 0-Q). NC, n = 5; a-HB, n = 6; A/D, n = 11; A/D+0.-HB, n = 13 (H-L, M—N). The data are shown as the mean + SEM; NC, negative control. A/D, AOM/
DSS. CTH, colonic tissue homogenate. NS, not significant; Statistical differences were determined by two-tailed unpaired Student’s ttests (B), two-way ANOVA test (C) and one-
way ANOVA test (D—J) with Tukey’s multiple comparison. The p values were considered significant if < 0.05. *, **, *** and **** denote p < 0.05, p < 0.01, p < 0.005 and

p < 0.001, respectively.

similar results, except for significantly increasing the proportions of all
four immune cell types only in adipose tissue (Fig. S3N-Q) but not in
blood, spleen or liver (Fig. S3B-M). In addition, concurrent treatment
with o.-HB failed to alter the effect of HFD on any of these immune cells

in the four tissues (Fig. S3B-Q).

Adipose tissue macrophages

contribute to local inflammation and insulin resistance via polarization,

and M1 macrophages induce insulin resistance by producing inflam-
matory mediators, such as TNF-ca, IL-6, and nitric oxide, while M2
macrophages maintain insulin sensitivity via anti-inflammatory medi-
ators such as IL-10 [44]. We observed that a HFD significantly
increased M1 cells (Figure 2C) while reducing M2 (Figure 2D) mac-
rophages in both the liver and adipose tissue. However, the combined
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Figure 2: o-HB administration accelerates HFD-induced type 2 diabetes. (A) Blood glucose concentrations of the four groups, as measured by the GTT. (B) Blood glucose as a

percentage of the basal value in the four groups, as measured by the ITT. (C—D) M1

macrophages (defined as CD457F4/807CD11c™, C) and M2 macrophages (defined as

CD457F4/807CD206™, D) in liver (left) and adipose tissue (right) were determined by flow cytometry. (E) TNF levels in liver (left) and adipose tissue (right) were determined by RT-
PCR. (F) Plasma a.-HB concentrations in the NC, o.-HB, HFD and HFD+a.-HB groups were determined by LC/MS—MS. (G—I) The correlation between o.-HB concentrations and M1
macrophages (G), TNF (H) and /L6 (I) in liver and adipose tissue. NC, n = 6; a.-HB, n = 6; HFD, n = 12; HFD+-a-HB, n = 11 (C-D, G). The data are shown as the mean + SEM; NC,
negative control; HFD, high-fat diet; GTT, glucose tolerance test; ITT, insulin tolerance test; LC/MS—MS, liquid chromatography mass spectrometry; NS, not significant; Statistical
differences were determined by two-way ANOVA test (A—B) and one-way ANOVA test (C—F). The p values were considered significant if < 0.05. *, **, *** and **** denote

p < 0.05, p < 0.01, p< 0.005 and p < 0.001, respectively.

o-HB treatment further increased M1 macrophages (Figure 2C) but
had no effect on M2 macrophages (Figure 2D) in either the liver or
adipose tissues, suggesting that the exacerbated insulin resistance
induced by a-HB may be mediated by the increased number of M1
macrophages in liver and adipose tissues.

Given the association between cytokines/chemokines and the in-
flammatory state in diabetes, we further examined alterations in
cytokines/chemokines in liver and adipose tissues by qRT-PCR.
Compared to NC, o-HB treatment alone had no effect on the
expression of the tested cytokines/chemokines (Figure 2E, and
Fig. S4), while a HFD strongly elevated the expression levels of TNF-

MOLECULAR METABOLISM 75 (2023) 101766 © 2023 The Author(s). Published by Elsevier GmbH.

o. (Figure 2E) and IL-6 (Figs. S4A and F) in both liver and adipose
tissues, accompanied by increased IL-12 (Fig. S4l) and reduced
CXCL9 (Fig. S4Q) in adipose tissues. Furthermore, the combined
treatment of o-HB with a HFD significantly increased TNF-o
(Figure 2E) and IL-6, although without statistical significance
(Figs. S4A and F), in both liver and adipose tissues. We also found
that a-HB treatment reduced IL-10 in the liver (Fig. S4B) but not
adipose tissues (Fig. S4G) compared to the effect of a HFD. Both
TNF-o. and IL-6 are markers of M1 macrophages and central me-
diators of inflammatory responses, while IL-10 is a marker of M2
macrophages and a classic anti-inflammatory cytokine; thus, these

. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

results further support the role of inflammation in glucose homeo-
stasis [44].

We next analyzed the association between the immune response and
o-HB by measuring plasma o-HB concentrations. HFD significantly
elevated the plasma o-HB concentration to a level comparable with
that induced by o-HB alone, while their combination potently increased
the plasma o-HB concentration further (Figure 2F). Based on these
results, we found that M1 polarization (Figure 2G) and the expression
levels of TNF-o (Figure 2H) and IL-6 (Figure 2l in the liver and adipose
tissues in the four groups of mice were closely correlated with the
plasma a-HB concentration. Taken together, these results indicate that
o-HB could worsen HFD-induced obesity-associated murine T2D due
to the exacerbated inflammatory state mediated by increased M1
macrophage polarization, the elevated levels of TNF-a and IL-6 and the
reduced levels of IL-10 in liver and adipose tissues.

2.3. a-HB potentiates NF-kB activation
The local level of TNF-o. was significantly elevated by the combined
treatment of a-HB and AOM/DSS or HFD but not by a-HB alone in CRC
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and T2D murine models, and IL-6 also displayed a similar trend,
although without statistical significance. Considering the key role of
NF-kB in the transcriptional regulation of TNF-o. and IL-6, thus linking
inflammation, cancer [8,36] and T2D [45,46], we hypothesized that the
presence of the NF-kB activator o-HB may further augment NF-kB
activation. Lipopolysaccharide (LPS), a common NF-kB activator, has
been reported to be elevated in these two diseases [45,47]. Thus, we
explored the effect of a-HB on LPS-induced NF-kB activation in human
colorectal epithelial SW620 cells, murine insulinoma MING cells, which
has the characteristics of pancreatic beta cells, and murine pre-
adipocytes 3T3-L1 cells.

Upon LPS stimulation, NF-kB activation, as indicated by increased p65
(S536) phosphorylation (Figure 3A and Fig. S5A) and nuclear p65/p50
accumulation (Fig. S6A), was visibly prolonged by concurrent o-HB
treatment in SW620, MING and 3T3-L1 cells. At a certain concentration
of LPS (Figure 3B, Fig. S5B and Fig. S6B) or a-HB (Figure 3C, Fig. S5C
and Fig. S6C), the phosphorylation and nuclear accumulation of NF-kB
were also enhanced in a dose-dependent manner. We further observed
a similar effect of a-HB on NF-kB activation in the above murine

A SW620 MING
5 ng/ml LPS 100 uM o-HB+5 ng/ml LPS 50 ng/ml LPS 100 uM o-HB+50 ng/ml LPS
Time (h) 0 15 3 6 12 18 0 15 3 6 12 18 Time (h) 0 15 3 612 18 0 15 3 6 12 18
Ratio  1.00 2481971091.02105 143 3.16 264 2.431.98 1.11 Ratio  1.00 1.741.12 087082080  0.90 1.90 1.751.431.53 1.09
p-p65 p-p65
(8536) —— R (S536)| W -
B-actin | e e e———— —— ——— —— ‘ -ECHIN | ————— S—————— ‘
B
LPS 100 uM o-HB+LPS LPS 100 uM a-HB+LPS
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Figure 3: a-HB enhances LPS-induced NF-kB activity. (A—C) The 48 h-preincubation of a.-HB prolonged the p65 S536 phosphorylation levels in SW620 (left) and MING (right)
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models, which was determined by examining nuclear accumulation by
immunoblotting in colorectal sites of the AOM/DSS-induced CRC
model, AOM/DSS alone but not a.-HB alone significantly increased p65/
p50 nuclear accumulation, which was further enhanced by combined
treatment with a-HB (Figure 3D and Fig. S6D). Similar results were
observed in the liver and adipose tissue of the HFD-induced T2D
model. HFD alone but not o-HB alone obviously promoted p65/p50
nuclear accumulation, and this effect was further enhanced by con-
current treatment with o-HB (Figure 3E,F, and Figs. S6E and F).

Next, we explored the functional effect of o.-HB on NF-kB activation by
measuring the level of its classic downstream target TNF-o. At the
transcriptional level, concurrent «-HB treatment further significantly
enhanced TNF expression in a time-dependent (Figure 4A and
Fig. S5D) and dose-dependent (Figure 4B and Fig. S5E) manner after

LPS stimulation. At the translational level, we observed similar results.
As shown in Figure 4C, the level of TNF-o in the supernatant of SW620
cells increased gradually with increasing LPS concentrations, and this
effect was enhanced by concurrent o-HB treatment. Furthermore,
increasing concentrations of o-HB elevated supernatant TNF-o. levels
in SW620 cells in a dose-dependent manner after LPS stimulation
(Figure 4D). In addition, NF-kB activation is related to pancreatic [3 cell
apoptosis and dysfunction [48]; thus, we measured the supernatant
insulin levels in MIN6 cells after LPS and/or o-HB treatment. We
observed that only high glucose stimulation along with o-HB and/or
LPS induced impact on insulin secretion. LPS alone but not «-HB alone
significantly reduced insulin production, while the combined treatment
markedly reduced insulin concentrations; however, this effect was
significantly abrogated by the NF-kB inhibitor PDTC (Figure 4E,F). This
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Figure 4: a-HB enhances LPS-induced NF-kB functions. (A) TNF levels in SW620 (upper) and MING (bottom) cells treated with o-HB and/or LPS for different times were
determined by qRT-PCR. (B) T\VF levels in SW620 (upper) and MING (bottom) cells treated with different concentrations of o-HB and/or LPS for 9 h were determined by qRT-PCR.
(C) TNF-a. concentrations in the supernatant of SW620 cells treated with LPS for 60 h with or without o.-HB was determined by ELISA. (D) TNF-o. concentrations in the supernatant
of SW620 cells treated with LPS and different concentrations of o.-HB for 60 h was determined by ELISA. (E) The inhibitory effect of 12 h preincubation of PDTC on LPS-induced NF-
KB activity in MING cells. (F) GSIS was measured by ELISA in MING cells treated with a-HB and/or LPS in the presence or absence of PDTC. The data are shown as the mean =+ SD;
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p < 0.01, p < 0.005 and p < 0.001, respectively.
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Figure 5: o-HB-induced LDHA nuclear translocation extends NF-kB nuclear retention. (A) Cellular distribution of LDHA in SW620 (upper) and MIN6 (bottom) cells treated with
different concentrations of «-HB for 48 h. (B—C) ICC images of LDHA (green), p65 (red, upper) and p50 (red, bottom) in SW620 cells after 48 h-preincubation of o-HB and/or LPS
treatment for 1.5 h (B) and 12 h (C), as indicated by DAPI (blue). Scale bars, 7.5 pm. (D) Nuclear LDHA accumulation over time in SW620 and MING cells with continuous ¢.-HB and/
or LPS treatment. (E) The time course of LDHA nuclear retention in SW620 and MING cells after 48 h of a-HB treatment. (F) Immunoprecipitation analysis of the interactions among
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result further supports o-HB as an independent predictor of worsening  results suggested that «-HB could considerably prolong LPS-induced
glucose tolerance; more importantly, NF-kB inhibition may hold po- NF-kB nuclear retention, thus upregulating and maintaining TNF-a.
tential prophylactic and therapeutic use for T2D. Taken together, these  expression and impairing glucose-induced insulin secretion.
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2.4. o-HB promotes LDHA nuclear translocation to retain nuclear
NF-kB

LDHA catalyzes the formation of o-HB from o.-KB and may translocate
into the nucleus under stressful conditions [13,42]; thus, we explored
whether LDHA was involved in o-HB-mediated NF-kB retention.
Although LDHA is typically located in the cytosol, nuclear localization
was substantially observed in various cancers, such as CRC, hepato-
cellular carcinoma, breast cancer, pancreatic cancer, ovarian cancer,
gastric cancer, lung cancer, esophageal cancer and lymphoma
(Fig. S7A). In addition, LDHA nuclear localization was also observed in
all experimental samples of colorectal tissues from o-HB- and/or AOM/
DSS-treated mice (Fig. S6D) and in liver (Fig. S6E) and adipose tissues
(Fig. S6) from a.-HB- and/or HFD-treated mice but not negative control
mice. Considering the non-canonical enzyme activity of LDHA to pro-
duce a-HB, with higher activity of the nuclear LDHA than cytosolic
LDHA [42], the exogenous a.-HB may further induce the production of
endogenous o.-HB by inducing LDHA nuclear translocation in a positive
feedback manner (Figures 1J and 2F). The observed nuclear trans-
location of LDHA in cancer and T2D may result from local oxidative
stress, such as ROS. Considering that H,0, could induce LDHA nuclear
translocation in cervical cancer [42] and that ROS are commonly
produced in cancer [49] and T2D [50], we treated SW620 cells with o-
HB or Ho0, to mimic in vivo conditions. Either o-HB or H,0» could
induce LDHA nuclear translocation, which was further enhanced by
combined treatment (Fig. S7B), probably due to a feedback loop in
which nuclear LDHA induced by H»0- can further generate o-HB from
o.-KB [42], which may further potentiate the production of o-HB in the
a.-HB combined with A/D (Figure 1J) or HFD (Figure 2F) groups. This
effect of o-HB on inducing LDHA nuclear translocation was also
observed in a dose-dependent manner (Figure 5A and Fig. S7C). Thus,
o-HB directly or oxidative stress indirectly promotes LDHA nuclear
translocation by producing more o-HB.

Next, we used immunocytochemistry (ICC) assays to identify the
subcellular localization and possible interaction of LDHA and NF-kB.
LDHA and the NF-kB units p65 and p50 are located in the cytoplasm,
and a minority of LDHA and p65 or p50 were further found to colocalize
in the absence of a-HB or LPS (top panel in Figure 5B,C). At 1.5 h
(Figure 5B) and 12 h (Figure 5C) after a.-HB treatment alone, LDHA
translocated into the nucleus, while p65 and p50 remained in the
cytosol (second panel in Figure 5B,C). In contrast, LPS alone induced
the nuclear translocation of p65/p50 but not LDHA at 1.5 h, as ex-
pected (third panel in Figure 5B), while at 12 h, p65/p50 was already
exported from the nucleus (third panel in Figure 5C). Furthermore, the
combined o-HB and LPS treatment induced the nuclear translocation
and colocalization of LDHA and p65/p50 at 1.5 h after treatment
(bottom panel in Figure 5B); more interestingly, at 12 h, p65/p50 was
retained in the nucleus and colocalized with LDHA (bottom panel in
Figure 5C). Using immunoblotting, we further found that after persis-
tent a-HB treatment, LDHA accumulated in the nucleus in a time-
dependent manner, and LPS had no effect on LDHA nuclear trans-
location (Figure 5D and Fig. S7D). Interestingly, a single a-HB treat-
ment for 48 h retained LDHA in the nucleus during the 36 days that we
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tested (Figure 5E). Therefore, these findings indicate that o-HB-
induced LDHA nuclear translocation potently prolonged the retention of
LPS-induced p65/p50 in the nucleus, most likely via LDHA and NF-kB
interactions.

Using a coimmunoprecipitation (Co-IP) assay, we further confirmed
that LDHA could interact with p65 and p50, and this effect was
markedly strengthened by combined o-HB and LPS treatment
(Figure 5F). Notably, «-HB or LPS treatment alone attenuated the
interaction (Figure 5F), which was attributed to subcellular spatial
separation (Figure 5B). This result suggests that LDHA may bind to the
phosphorylated NF-«B induced by LPS. Indeed, after we individually or
simultaneously mutated the two LPS-induced phosphorylation sites
serine 276 and 536 of p65[51], the interaction between LDHA and NF-
KB was obviously weakened by the single-site mutants (S276A or
S536A) and completely abrogated by the two-site mutant (S276A and
S536A) (Figure 5G). Taken together, these results suggested that after
o-HB- and LPS-induced nuclear translocation of LDHA and p65/p50,
respectively, LDHA strongly prolonged NF-kB nuclear retention and
robustly potentiated NF-kB activation by binding to LPS-activated
phosphorylated p65.

2.5. Metformin treatment inhibits nuclear LDHA-induced NF-kB
nuclear retention and AOM/DSS-induced CRC

Metformin has been widely recognized as a successful first-line
therapy for T2D patients and is further appreciated due to its anti-
tumor activity in some diabetic conditions or nondiabetic cancers,
especially pancreatic, colorectal and hepatocellular cancers [52,53].
The glucose-lowering effect of metformin is attributed to the inhibition
of hepatic gluconeogenesis mainly by targeting AMPK [54], while the
antitumor activity of metformin may involve a complicated process with
AMPK-dependent and AMPK-independent mechanisms [55]. However,
the underlying mechanisms remain elusive. Thus, the versatile func-
tions of metformin prompted us to examine whether metformin was
effective in preventing o.-HB-prolonged NF-kB activation.

It has been reported that metformin can decrease LDHA via an un-
known mechanism [56]; thus, we first examined the effect of met-
formin on LDHA expression. Metformin decreased LDHA expression
regardless of the presence or absence of o-HB treatment, thus
reducing LDHA levels in the cytoplasm and nucleus (Figure 6A and
Fig. S8A). This effect of metformin on reducing LDHA expression most
likely resulted from a decline in LDHA transcription (Figure 6B and
Fig. S8B). In addition, we observed that metformin could potently
inhibit the nuclear translocation of LDHA induced by a-HB, which was
determined by the increased level of cytoplasmic LDHA (middle panel
in Figure 6A and Fig. S8A). Furthermore, FOXM1 and MYC, two tran-
scription factors that regulate LDHA expression [57], also showed
similar reduction patterns independent of a-HB (Figure 6C—E and
Figs. S8C—D), while ectopic expression of FOXM1 or MYC could rescue
the expression LDHA decreased by metformin unrelated to o-HB
(Figure 6F—G and Figs. S8E—F), suggesting that metformin can
suppress LDHA expression at the transcriptional level. Subsequently,
metformin reduced LPS- and/or o-HB-induced and NF-kB-mediated

treated with metformin at different concentrations for 30 h with or without o.-HB preincubation were determined by RT-PCR. (E) c-MYC and FOXM1 levels in SW620 and MING cells
treated with metformin at different concentrations for 36 h with or without o-HB preincubation. (F—G) LDHA levels in SW620 and MING treated with 2 mM Metformin for 48 h with
or without a-HB preincubation, along with C-MYC or FOXM1 overexpression were detected by QPCR (F) and Western blot (G). (H) TNF levels in SW620 and MING cells treated with
LPS for 9 h in the presence or absence of a-HB or preincubated with different concentrations of metformin were determined by RT-PCR. (I) p65 S536 phosphorylation levels in
SW620 and MIN6 cells treated with LPS for 1.5 h in the presence or absence of «-HB or incubated with metformin for 48 h. The data are shown as the mean + SD; Met,
metformin; NC, negative control; NS, not significant. Statistical differences were determined by two-way ANOVA test (B—E) and one-way ANOVA test (F, H) with Tukey’s multiple
comparison with Tukey’s multiple comparison. The p values were considered significant if < 0.05. *, **, *** and **** denote p < 0.05, p < 0.01, p < 0.005 and p < 0.001,

respectively.
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TNF-o¢ production (Figure 6H and Fig. S8G) by suppressing the
expression of LDHA (Figure 6A) and thus the activation of NF-xB
(Figure 61 and Fig. S8H). Based on these findings, we proposed that
metformin could inhibit the o.-HB- accelerated development of AOM/
DSS-induced CRC and HFD-induced diabetes.

Considering that the effect of metformin on diabetes control has been
extensively studied [58], we mainly focused on the effect of metformin
on CRC carcinogenesis induced by AOM/DSS and «-HB. In addition to
numerous meta-analyses [59] and clinical trials [60], a series of
successful in vivo mouse models via AOM/DSS [61], DMH/DSS [62] or
DMH [63] with metformin treatment showed metformin could inhibit
the development of CRC at various stages. Thus, we further focused on
understanding the role of metformin in mitigating the tumorigenic
effect of a-HB-enhanced CRC. As shown in Figure 7A,B, combined o-
HB treatment increased the tumor size and number induced by AOM/
DSS, while metformin administration remarkably protected against o-
HB- and AOM/DSS-induced CRC. Again, we observed significantly
reduced levels of CD4™ and CD8™ T cells in the spleen and elevated
levels of MDSCs in the colon in the AOM/DSS alone group, which was
exacerbated by combined a-HB treatment (Figure 7C). However, this
trend was reversed by the addition of metformin to a degree similar to
that of the negative control group (Figure 7C). Local TNF-¢. expression
exhibited a similar pattern except that metformin treatment failed to
reduce TNF-o. expression to a level comparable to that of the negative
control (Figure 7D), indicating that other mechanisms of TNF-o
regulation may be involved in a-HB- and AOM/DSS-induced CRC
carcinogenesis. In addition, nuclear levels of NF-kB and LDHA in
colorectal sites were also consistent with tumor growth and changes of
immune cells. Compared to the negative control, AOM/DSS treatment
significantly prompted the nuclear accumulation of p65/p50 and LDHA,
while a-HB combined treatment further enhanced the nuclear accu-
mulation, which was effectively inhibited by additional metformin
treatment (Figure 7E). These findings suggest that metformin holds
potential as an efficient protective drug for o.-HB-enhanced CRC.

2.6. Discussion and conclusions

The incidences of glucose dysregulation and cancer are rapidly
growing, and epidemiologic evidence has shown a close relationship
between them. It has been reported that certain kinds of cancer and
diabetes are becoming increasing associated [3], and a-HB, a meta-
bolic byproduct, is usually upregulated in diabetes [24—26] or various
cancers [18,20—23]. Here, we revealed that o«-HB promoted the
development of murine AOM/DSS-induced CRC and HFD-induced
diabetes by potentiating NF-kB signaling and provided a novel
mechanism by which metformin treats diabetes and cancer. Mecha-
nistically, LDHA can translocate into the nucleus upon a-HB stimula-
tion and then interact with nuclear NF-xB by binding to the
phosphorylation sites of p65 induced by activators such as LPS, thus
leading to the persistent retention and activation of NF-kB in the nu-
cleus, as represented by elevated TNF-o expression (Fig. 7F). Met-
formin treatment inhibited the transcription of FOXM71 and c¢c-MYC,
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transcription factors of LDHA, thus restraining NF-kB activation
mediated by o-HB (Fig. 7F).

a-HB is a metabolite produced in methionine-to-glutathione meta-
bolism catalyzed by LDH from a-KB. Due to the abnormal increase in
circulating «-HB in insulin resistance [13], and various types of can-
cers, including CRC [18,19], a-HB has been recommended as a po-
tential screening marker for these disorders. Consistently, we also
determined the upregulation of plasma o.-HB in the mice administered
AOM/DSS or fed a HFD. The accumulation of «-HB may result from
increased glutathione synthesis or from the nuclear translocation of
LDHA induced by oxidative stress, including ROS [42] and elevated
NADH/NAD™ ratios [64], both of which are commonly engaged in the
development of cancer and diabetes; however, the underlying mech-
anism of o-HB in the pathogenesis of these conditions remains
obscure [13]. Here, we discovered that o-HB treatment induced LDHA
nuclear translocation in colorectal cancer cells and pancreatic {3 cells.
Nuclear LDHA may generate a positive feedback loop by producing
more o.-HB, which further induces more LDHA nuclear translocation.
N-acetylcysteine (NAC), a ROS scavenger, could remarkably reduce
LDHA nuclear translocation [42], indicating that anti-inflammation via
ROS suppression may decrease o-HB production. Consequently, we
observed that with a single administration of o.-HB, LDHA can persist in
the nucleus for up to 36 days. Furthermore, we and others [21—23]
found that nuclear o-HB has also been observed in clinical specimens
of a variety of cancers. However, we observed that LDHA nuclear
translocation occurred only in some but not all «-HB-treated cells or
tumor cells in clinical specimens, and the underlying mechanisms
need further investigation. Overall, these findings highlight the
importance of investigating the role of «-HB in insulin resistance and
cancer.

LDHA is located mainly in the cytosol and catalyzes the conversion of
pyruvate to lactate and back; LDHA is also in the nucleus, where it has
distinct functions [65]. It has been reported that nuclear LDHA is
involved in gene transcription through maintaining the proper NAD/
NADH ratio [64], epigenetic modifications through DOT1L-induced
H3K79 hypermethylation and a-HB production under oxidative stress
[42]. Here, we uncovered that o«-HB stimulation triggered LDHA nu-
clear translocation, and then nuclear LDHA bound to LPS-activated
nuclear NF-kB at the p65 phosphorylation site, thus markedly
extending NF-kB nuclear retention and leading to persistent NF-xB
activation. The inflammatory state promotes and often precedes the
onset and development of diabetes and a range of cancers, and NF-xB
is a key coordinator of these processes [46]. Upon activation, nuclear
NF-KkB initiates the transcription of multiple proinflammatory factors
and cytokines, as represented by TNF-a,, a master switch involved in
immunity, apoptosis, survival and inflammation. However, nuclear NF-
KB is quickly exported to the cytoplasm mainly by the nuclear export
sequence (NES) present on lkBat, which shuttles continuously between
the nucleus and the cytoplasm [66,67]. However, o-HB treatment
markedly extended NF-kB nuclear retention by inducing LDHA nuclear
translocation. Nuclear LDHA bound to NF-kB via phosphorylated p65 at

Figure 7: Metformin inhibits o-HB and AOM/DSS-induced murine CRC. (A) Images of colons in the four groups collected at the end of the CRC induction regimen. (B) Tumor
diameter sums (left) and numbers (right) were measured and counted. (C) CD4™ T cells (left, defined as CD3" and CD4 ") and CD8™ T cells (middle, defined as CD3™ and CD8™) in
the spleen and MDSCs (right, defined as CD11b™ and Gr-1%) in the colon were determined by flow cytometry. (D) TNF levels in the colon were determined by qRT-PCR. (E)
Quantification and western blot analysis of p65, p50 and LDHA levels in nuclear extracts of colon tissue in the A/D+a.-HB + Met model. Histone H3 was used as a loading control
for immunoblotting. (F) Proposed working model showing that nuclear LDHA extends LPS-induced NF-kB nuclear retention. NC, n = 5; A/D, n = 7; AID+a-HB, n = 7; A/D+a-
HB -+ Met, n = 8. The data are shown as the mean + SEM. NC, negative control; A/D, AOM/DSS; Met, metformin; NS, not significant. Statistical differences were determined by
one-way ANOVA test with Tukey’s multiple comparison. The p values were considered significant if < 0.05. *, **, *** and **** denote p < 0.05, p < 0.01, p < 0.005 and

p < 0.001, respectively.
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the C-terminal serine 276/536 (5276/536) of p65, and a single site
mutation of S276/536 evidently weakened this interaction, while
simultaneous mutations in both sites completely abrogated this
interaction. Since IkBa. also binds to the C-terminus of p65 [68], this
interaction of LDHA with phosphorylated p65 may exclude further
binding of IkBa to p65 due to steric hindrance, thus resulting in the
persistent retention and activation of NF-kB in the nucleus. It should be
noted that the effect of «-HB on potentiating NF-kB signaling requiring
the pre-activation of NF-kB is applicable to a viariety of cell types
including epithelial cells, pancreatic 3 cells, adipocytes and also likely
immune cells. As shown in Figure 1E—G and Figure 2C—D, «-HB alone
had no effect on T cells and macrophages, however, the combination
of o-HB with other pro-inflammatory stimuli such as DSS and HFD
reduced or increased the the proportions of CD4*/CD8" T cells and
MDSCs, respectively in AOM/DSS model, or promoted the M1 polari-
zation of macrophages in HFD-induced T2D model.

Metformin, which is extensively used as a first-line therapy for patients
with T2D, also has potential anticancer activity, although the mecha-
nisms have not been fully elucidated. Here, we provide another
mechanism by which metformin can treat T2D and cancer. Consistent
with previous reports [69—71], we also found that metformin could
reduce LDHA expression and further revealed the underlying mecha-
nism by which metformin could downregulate the expression of
FOXM1 and c-MYC, two transcription factors of LDHA.

It should be noted that LDHA only binds to phosphorylated p65;
therefore, preactivation or nuclear localization of NF-kB is a prereg-
uisite for the deleterious effect of a-HB, in which a-HB potentiates NF-
kB activation by inducing LDHA nuclear translocation. Considering that
LDHA may persist in the nucleus after o.-HB stimulation, our findings
reveal the importance of NF-kB inhibitors in preventing c-HB-induced
chronic inflammation and resultant disorders, such as T2D and certain
types of cancer.

3. METHODS

3.1. Antibodies and reagents

Antibodies against LDHA (Cell Signaling Technology, 3582, 1:300 for
ICC and IHC; Santa Cruz, 1:50 working dilution for co-IP; Proteintech,
19987-1-AP, 1:2000 working dilution for western blotting), p65 (Cell
Signaling Technology, 8242, 1:1000 working dilution for western
blotting, 1:300 for ICC; Cell Signaling Technology, 6956, 1:100 for co-
IP), p50 (Cell Signaling Technology, 13,586, 1:1000 working dilution
for western blotting, 1:300 for ICC, Santa Cruz, sc-8414, 1: 50 for co-
IP), phospho-p65 (Cell Signaling Technology, 3033, 1:1000 working
dilution for western blotting), FOXM1 (Proteintech, 13147-1-AP,
1:2000 for western blotting), c-MYC (Proteintech, 10828-1-AP, 1:2000
for western blotting), a-tubulin (Proteintech, HRP-66031, 1:10,000
working dilution for western blotting), Histone H3 (Cell Signaling
Technology, 4499, 1:1000 working dilution for western blotting),
Lamin B (Santa Cruz, sc-6217, 1:500 working dilution for western
blotting), B-actin (Santa Cruz, sc-47778, 1:500 working dilution for
western blotting), HA (MBL, 1:100 working dilution for western blot-
ting), CD4 (Abcam, ab183685, 1:1000 working dilution for IHC), and
CD8 (Abcam, ab217344, 1:1000 working dilution for IHC) were pur-
chased commercially.

Azoxymethane (Sigma, A5486), dextran sulfate sodium (MP Bio-
medicals, 9011-18-1), sodium 2-hydroxybutyrate (TCI, HO387), high-
fat diet (Research Diets, D12492), metformin (Sigma, D150959),
LPS (Beyotime, S1732), DAPI (Yeasen, 36308ES11), PDTC (Selleck,

S3633), D-(+)-glucose (Sigma, G7021), IBMX (Santa Cruz, 28,822-
58-4), Dexamethasone (Solarbio, D8040) and insulin (Novo Nordisk,
Actrapid) were purchased commercially.

3.2. Plasmid construction, site-directed mutagenesis, and
transfection

The CDSs of human p65, FOXM1, and MYC genes were amplified with
specific PCR primers and subsequently inserted ininserted into pCMV-
C-HA to establish plasmids. pCMV-p65-S276 A/S536 A/
S276A + S536A-C-HA plasmids were further established via site-
directed mutagenesis kit (TOYOBO, SMK-101) using specifically
designed primers. All plasmids constructs were confirmed by
sequencing and then transfected into SW620 or MIN6 cells using
Lipofectamine 3000 (Thermo Fisher Scientific, L3000150), as
indicated.

3.3. Cell culture

All cell lines were purchased from the Type Culture Collection Cell
Bank, Chinese Academy of Sciences. SW620 cells were cultured in L-
15 medium (HyClone) supplemented with 10% fetal bovine serum
(Gibco) in the presence of penicillin and streptomycin. MIN6 cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640 (HyClone)
supplemented with 10% fetal bovine serum (Gibco), 50 puM B-mer-
captoethanol, and 10 mM HEPES in the presence of penicillin and
streptomycin. Cells were cultured at 37 °C in a humidified 5% CO»
atmosphere. 3T3-L1 cells were cultured in Dulbecco’s Modified Eagle
Medium (Hyclone) supplemented with 10% bovine calf serum (Gibco)
in the presence of penicillin and streptomycin. For adipoctyes differ-
entiation, 3T3-L1 cells were seeded in 12-well plates and cultured
until two days after cells reached confluence. Media was refreshed
supplemented with 0.5 mM IBMX, 1 pM dexamethasone and 10 pg/
mL insulin (day 0). On day 4, media was refreshed supplemented with
10 pg/mL insulin. On day 8, media was refreshed with DMEM with
bovine calf serum only. On day 10, fully differentiated adipocyte-like
cells should be obtained.

3.4. Animals

Male C57BL/6 mice were purchased from SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). The animals were housed in specific pathogen-
free conditions with a 12-h light/dark cycle and given free access to
food and water. Animal care and experiments were performed with the
consent of the Animal Ethics Committee at Shanghai Medical School,
Fudan University, and complied with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health.

3.5. Animal models

3.5.1. AOM/DSS-induced CRC model

Mice (6—8 weeks, male) were injected intraperitoneally with 8.5 and
9 mg/kg azoxymethane (AOM, Sigma) on day 1 and 8, respectively.
Seven days later, the mice received drinking water containing 2.0%
dextran sulfate sodium (DSS) for one week and regular drinking water
for 2 weeks, followed by two additional DSS cycles. a-HB (2.0%) was
dissolved in drinking water starting at the first DSS cycle.

3.5.2. HFD-induced type 2 diabetes model

Mice were fed a HFD consisting of 60% calories from fat starting at 6
weeks of age for a total of 24 weeks. a-HB (2.0%) was dissolved in
drinking water and administered concurrently with HFD feeding.
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3.5.3. Metformin treatment in AOM/DSS-induced CRC model

Mice (6—8 weeks, male) were injected intraperitoneally with 8.5 and
9 mg/kg azoxymethane (AOM) on day 1 and 8, respectively. Seven
days later, the mice received drinking water containing 2.0% dextran
sulfate sodium (DSS) for one week and regular drinking water for 2
weeks, followed by two additional DSS cycles. a-HB (2.0%) and
500 mg/L metformin were dissolved in drinking water starting at the
first DSS cycle.

3.5.4. Glucose and insulin tolerance tests

For the glucose tolerance test, we fasted the mice for 16 h, measured
blood glucose concentrations, administered an intraperitoneal injection
of glucose (1 g/kg body weight) and measured blood glucose con-
centrations at 15, 30, 60, 90 and 120 min.

For the insulin tolerance test, we fasted the mice for 2 h, measured
blood glucose concentrations, administered an intraperitoneal injection
of insulin (0.9 units/kg body weight) and measured blood glucose
concentrations at 15, 30, 60 and 90 min.

3.6. Tissue sampling, cell separation and flow cytometry

Cells were isolated from different tissues (blood, spleen, colon, liver
and epididymal white adipose tissue (EWAT)) for flow cytometry. In
brief, blood was collected in an EDTA anticoagulation tube and
centrifuged at 2000 rpm/min for 15 min to extract plasma. Red blood
cell (RBC) lysis buffer (BioLegend, 420,301) was added to the pre-
cipitate to remove erythrocytes, followed by 5 min of centrifugation at
500¢ and a PBS wash. The spleen was ground with PBS and filtered
through 300 mesh gauze. Then, the separated cells were collected by
5 min of centrifugation at 5009, RBCs were lysed, and splenic cells
were washed with PBS. Colon tissue, liver tissue and EWAT were
mechanically disrupted in DMEM containing different enzymes, further
digested for 15 min with shaking at 37 °C and filtered through 300
mesh gauze. Then, the separated cells were collected by 5 min of
centrifugation at 500g and washed with PBS.

For cell surface antigen staining, the separated cells were incubated in
1% BSA/PBS containing blocking antibodies for 30 min on ice, followed
by 5 min of centrifugation at 1,000 g, after which the cells were
suspended in 1% BSA/PBS containing the indicated antibodies and
incubated for 1 h on ice. For intracellular staining, cell surface antigen
staining was performed first. Then, the cells were fixed in fixation
buffer (BioLegend, 420,801) for 30 min, centrifuged at 1,500 g for
5 min, resuspended in intracellular staining perm wash buffer (Bio-
Legend, 421,002) and washed three times, followed by intracellular
staining. Samples were measured on a BD FACSCanto Il (Beckman
Coulter) and analyzed with FlowJo software (Tree Star, Ashland Or).
See Table S1 for detailed information on enzymes/antibodies.

3.7. Multiplex assay

Appropriate colon samples were mechanically disrupted in tissue
extraction reagent (Thermo Fisher Scientific, 78,510) containing pro-
tease and phosphatase inhibitors (Bimake, B14001, B15001), followed
by homogenization in a low-temperature grinder. The homogenate was
lysed on ice for 2 h and centrifuged at 12,000 g for 10 min to extract
colon tissue homogenates (CTHs). CTHs were quantified by a BCA
protein quantification kit (Yeasen, 20201ES76) according to the
manufacturer’s instructions. Then, 50 pg of CTH was subjected to
multiplex assays, according to the modified protocols from the
manufacturer (Biolegend, 740,005, 740,007, 740,134). Samples were
examined on a BD FACS Canto Il (Beckman Coulter, Inc., Brea CA) and
analyzed with LEGENDplex software (Biolegend).
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3.8. Measurement of «-HB concentrations in mouse plasma

3.8.1. o-HB standard curve construction

One milliliter of C57BL/6 mouse EDTA plasma was vigorously mixed
with 5 mL of methanol. Following centrifugation, the supernatant was
removed and used as the diluent for the o-HB standard. Six concen-
trations of a-hydroxybutyrate calibrators, 0, 10, 25, 50, 75, and
100 pM, were prepared with the diluent. Linear regression of the peak
areas of the a-hydroxybutyrate calibrators against the interval stan-
dards was used to determine the standard curve.

3.8.2. Metabolite analysis by LC-MS/MS

Fifty microliters of mouse EDTA plasma was precipitated by being
vigorously mixed with 250 pL of methanol. After centrifugation and
dilute, 2 pL of the clear sample supernatant was injected and analyzed
by multiple reaction monitoring (MRM) via a combination of 6500 Q-
Trap triple quadrupole mass spectrometry (AB Sciex) and a Promi-
nence HPLC System (Shimadzu). LC/MS—MS was performed as pre-
viously described with replacement of the 1.7 um Ultimate AQ-C18
column with a 5 um column.

3.9. Quantitative RT-PCR

Total RNA was isolated from cultured cells or mouse tissue using
NucleoZol reagent (Macherey—Nagel, 740404.200) and reverse tran-
scribed according to the manufacturer’s instructions (TakaRa, RR036Q).
Then, real-time PCR analysis was performed using SYBR green (TaKaRa,
RR820A), and the results were normalized to 3-actin in ABI Quant Studio
7. Gene-specific primer sequences are provided in Table S2.

3.10. Coimmunoprecipitation and western blotting

SW620 cells were preincubated with «-HB for 24 h and further
stimulated with LPS for 1.5 h. The cells were washed with PBS,
collected and lysed for 2 h in ice-cold cell lysis buffer for western
blotting and IP (Beyotime, P0O013) containing protease and phospha-
tase inhibitors (Bimake, B14001, B15001). The quantified whole-cell
lysates were incubated with antibodies or 1gG overnight at 4 °C.
Then, 20 pl of protein A/G beads (Bimake, B23202) were added to the
lysates and incubated at 4 °C for 4 h. The beads were washed with cell
lysis buffer three times and suspended in 45 pul of cell lysis buffer, after
which 15 pl of 4 x loading buffer was added and heated at 100 °C for
10 min. Afterwards, western blotting with the indicated antibodies was
performed according to standard western blotting protocols.

3.11.  Immunocytochemistry

SW620 cells were plated at 1 x 10* per well on glass coverslips in 24-
well culture plates and incubated with 100 uM o.-HB and/or 5 ng/mL
LPS for the indicated times. Cells were fixed with 4% para-
formaldehyde for 15 min at room temperature and washed three times
with PBS. Cells were then permeabilized with 0.2% Triton-X-100 in 1%
BSA/PBS for 5 min at 4 °C and washed three times with PBS. Blocking
was performed with 1% BSA/PBS for 1 h at room temperature, fol-
lowed by primary antibody incubation in blocking buffer overnight at
4 °C. Then, the cells were washed three times and incubated with the
indicated secondary antibody in blocking buffer for 2 h at room tem-
perature. After three washes, DAPI was added, and the samples were
stored at 4 °C.

3.12.  Immunohistochemistry
Human tumor samples were acquired from Fudan University Shanghai
Cancer Center. Informed consent was obtained from each patient. The
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human studies were approved by the Ethics Committee of Fudan
University Shanghai Cancer Center, Shanghai, China, and performed in
compliance with the relevant ethical regulations.

Approximately 1—2-cm of mouse colon segments or human tumor
samples were fixed in 4% paraformaldehyde overnight, embedded in
paraffin blocks, and cut into 5 cm sections. The sections were
deparaffinized and rehydrated before being subjected to high-pressure
antigen retrieval in citrate buffer (pH 6.0), followed by endogenous
peroxidase blocking with 3% hydrogen peroxide at 37 °C for 15 min.
After being rinsed with PBS, the sections were blocked with goat
serum in 1% BSA/PBS for cell surface staining or with 0.3% Triton-x-
100 for intracellular staining at room temperature for 1 h and incubated
with primary antibodies at 4 °C overnight. After being rinsed with PBS,
HRP-conjugated secondary antibodies were added and incubated at
room temperature for 1 h. Then, DAB reactions were performed by a
GTVision 1l immunohistochemical detection kit (Gene Tech,
GK500705) according to the manufacturer’s instructions.

3.13. Cytoplasmic and nuclear extraction

Isolation of cytoplasm and nuclei from cells or tissue samples was
performed using a nuclear extract kit (Active Motif, 40,010). In brief,
samples were collected and lysed with hypotonic buffer for 15 min at
4 °C, followed by 1 min of centrifugation at 14,000 g to extract
cytoplasm. The precipitate was then resuspended in complete lysis
buffer for 30 min at 4 °C, followed by 10 min of centrifugation at
14,000 g to extract nuclei.

3.14. ELISA

3.14.1. TNF-o. concentration in SW620 supernatant

SW620 cells were plated at 2 x 10° per well in 24-well culture and
incubated with LPS with or without o.-HB for 60 h. The culture medium
was collected and centrifuged at 12,000 g to extract the supernatants.
The level of TNF-o in the supernatants was quantified by using an
ELISA kit according to the manufacturer’s instructions (R&D, DY210).

3.14.2. TNF-o. and IL-6 concentration in CTH

CTH extraction was performed as described above. 50 pg of CTH was
subjected to ELISA assays, according to the modified protocols from
the manufacturer (Proteintech, KE10002; R&D, DY406).

3.14.3. Glucose-stimulated insulin secretion

MING cells were plated at 5 x 10* per well in 48-well plates and
cultured with 100 uM o-HB and/or 10 uM PDTC for 12 h, followed by
incubated with 50 ng/mL LPS for another 12 h. Then, the cells were
washed twice with Krebs—Ringer bicarbonate HEPES buffer (KRBH)
and incubated with 100 pl of KRBH for 0.5 h. After removing the
supernatant, the cells were incubated with 100 pl of 3 mM or 30 mM
glucose in KRBH with the indicated concentrations of «-HB, LPS and
PDTC for 2 h. At the end of the incubation, supernatants were
collected, and insulin concentrations were measured using an insulin
ELISA kit (Mercodia, 10-1247-01). Cells were then collected for protein
quantitation.

3.15. Statistical analysis

We analyzed data from three biological replicates unless indicated
other in the figure legends. Statistical analyses were performed with
two-tailed unpaired Student’s t-tests, one-way or two-way analysis of
variance or multiple t-tests. The p values were considered significant
if < 0.05. *, *¥* ***and **** denote p < 0.05, p < 0.01, p < 0.005
and p < 0.001, respectively. GraphPad Prism 7 (GraphPad, San Diego,

CA) was used to perform all statistical analyses and determine p-
values.
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