Signal Transduction and Targeted Therapy

ARTICLE

www.nature.com/sigtrans

q

Check for
updates

3-Hydroxybutyrate ameliorates insulin resistance by inhibiting
PPARYy Ser273 phosphorylation in type 2 diabetic mice
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1,34

Guo-Qiang Chen

3-Hydroxybutyrate (3HB) is a small ketone body molecule produced endogenously by the body in the liver. Previous studies have
shown that 3HB can reduce blood glucose level in type 2 diabetic (T2D) patients. However, there is no systematic study and clear
mechanism to evaluate and explain the hypoglycemic effect of 3HB. Here we demonstrate that 3HB reduces fasting blood glucose
level, improves glucose tolerance, and ameliorates insulin resistance in type 2 diabetic mice through hydroxycarboxylic acid
receptor 2 (HCAR2). Mechanistically, 3HB increases intracellular calcium ion (Ca®") levels by activating HCAR2, thereby stimulating
adenylate cyclase (AC) to increase cyclic adenosine monophosphate (cAMP) concentration, and then activating protein kinase A
(PKA). Activated PKA inhibits Raf1 proto-oncogene serine/threonine-protein kinase (Raf1) activity, resulting in a decrease in
extracellular signal-regulated kinases 1/2 (ERK1/2) activity and ultimately inhibiting peroxisome proliferator-activated receptor y
(PPARYy) Ser273 phosphorylation in adipocytes. Inhibition of PPARy Ser273 phosphorylation by 3HB altered the expression of PPARy
regulated genes and reduced insulin resistance. Collectively, 3HB ameliorates insulin resistance in type 2 diabetic mice through a

pathway of HCAR2/Ca®*/cAMP/PKA/Raf1/ERK1/2/PPARy.
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INTRODUCTION

Diabetes mellitus is a chronic metabolic disease caused by
absolute or relative deficiency of endogenous insulin or the
body’s inability to efficiently utilize insulin. As the most common
type of diabetes, T2D accounts for >90% of the total patients.’
Since it is mainly caused by insulin resistance (IR), the treatment of
T2D can be carried out through reducing the level of IR or
enhancing insulin sensitivity. First-line drugs for T2D, such as
metformin and insulin sensitizer thiazolidinediones (TZDs), can
reduce insulin resistance in liver, skeletal muscle and adipose
tissues.>> However, both drugs have their limitations and side
effects. More specifically, metformin can cause diarrhea, nausea
and other intestinal adverse reactions, as well as deficiency of
vitamin B12;> TZDs may cause fluid retention (edema, heart
failure), body weight increases, bladder cancer (mainly caused
when using pioglitazone) and congestive heart failure.* Therefore,
it is urgent to develop safer and more effective drugs for the
treatment of T2D, which has practical significance for global
patients and international public health.

Peroxisome proliferator-activated receptor y (PPARy) is the
target of TZDs, but the occurrence of side effects is also attributed
to the over activation of PPARy transcriptional activity via TZDs.?
The post translational modification of PPARy regulating its activity,
is not only a new method to optimize the function and reduce
side effects of PPARy, but also a research hotspot for new drug
development® For instance, a non-agonist ligand for PPARy,
SR1664, could block cyclin-dependent kinase 5 (CDK5) and MEK/

; https://doi.org/10.1038/s41392-023-01415-6

ERK mediated PPARy phosphorylation on its Ser273 site, and
enhance insulin sensitivity in mice without common side effects
like fluid retention and body weight increases.”®

3HB is the main component of ketone bodies, which could
become an energy resource when there is a lack of blood glucose.
Except for its function as a passive energy carrier, an increasing
number of studies have proven that 3HB could participate in cell
signal transduction as a signal molecule.® As an endogenous
ligand of hydroxycarboxylic acid receptor 2 (HCAR, also known as
G protein coupled receptor 109a, GPR109a), 3HB plays an
important role in tissues expressing HCAR2.'® HCAR2 is a type of
G;/, protein coupled receptor, mediating Gj/, protein to inhibit the
activity of adenylate cyclase (AC) and reduce the level of cyclic
adenosine monophosphate (cAMP), thereby reducing the activity
of cAMP-dependent kinase A (PKA)."" On the contrary, in certain
cells, HCAR2 agonist 3HB and nicotinic acid can increase the
intracellular Ca®" concentration by Gg, subunit to activate
phospholipase CB.Q The elevated intracellular Ca®>" concentration
could activate AC, resulting in increased cAMP concentration and
activation of CAMP/PKA pathway.'>'*

Human experiments have shown that 3HB could reduce the
blood glucose level of T2D patients.'> However, there are not yet
systematic studies to evaluate the therapeutic effect of 3HB on
T2D and not yet clear mechanisms to explain the hypoglycemic
function. This study filled the above gaps by systematically
elaborating the therapeutic effect of 3HB, and confirmed that 3HB
is a safe and effective agent that can improve insulin resistance. At
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the same time, this paper further explored the molecular
mechanism of 3HB decreasing insulin resistance level, which is
by indirectly inhibiting the phosphorylation of PPARy Ser273 site
through  HCAR2/Ca”*/cAMP/PKA/Raf1/ERK1/2/PPARY  signaling
pathway.

RESULTS
3HB treatment reduced insulin resistance in T2D mice
To explore the effect of 3HB on T2D, leptin receptor deficiency
mice (db/db) and streptozotocin (STZ) induced T2D mice were
used.'® 1,3-butanediol (1,3-BDO), a precursor of endogenous 3HB,
could be efficiently converted to 3HB in the liver.”'® Considering
the effect of increasing blood 3HB concentration and the
influence on fluid intake volume of mice, 10% 1,3-BDO aqueous
solution was chosen as drinking fluid for the mice to maintain a
blood 3HB level of over 1.5mM based on the literatures and
corresponding experimental results (Supplementary Fig. S5b).'®2°
Vehicle-treated db/db mice (db/db-Ctrl) developed pronounced
hyperglycemia, with fasting blood glucose (FBG) levels ~18 mM
(Fig. 1b). 10% 1,3-BDO treated mice (db/db-1,3-BDO) showed a
significant reduction in FBG, which was <12mM (Fig. 1b). The
improvement in glucose homeostasis was achieved without a
significant change in the body weight (Fig. 1a). Intraperitoneal
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glucose tolerance test (IPGTT) was performed to evaluate the
body’s functionality of controlling blood glucose. While db/db-1,3-
BDO mice did not show improved glucose clearance compared to
db/db-Ctrl mice (Fig. 1¢, d). Meanwhile, 3HB treatment did not
change the fasting serum insulin level (Fig. 1e). However, the
calculated results of HOMA-IR, a homeostatic model of insulin
resistance, showed that 3HB could significantly reduce HOMA-IR
by 52% (Fig. 1f), indicating that 3HB effectively reduced insulin
resistance levels in db/db mice.

C57BL/6J and HCAR2”" (C57BL/6J background) male mice
treated with high-fat diet combined with low doses of STZ
progressively lost glucose control compared to normal diet mice
(ND) (Fig. 1h). The FBG in the ND group was always maintained
within the normal range of 3.9-6.1 mM, while the FBG of the STZ-
Ctrl group gradually increased and tended to be stabilized above
16 mM. Compared with STZ-Ctrl, the FBG of STZ-1,3-BDO mice was
consistently and significantly lower than that of STZ-Ctrl group,
and the highest value was just 13.3mM (Fig. 1h). STZ-HCAR2”
mice consistently had lower FBG than wild-type T2D mice (Fig. 1h),
which was attributed to the effect of HCAR2 deficiency. However,
limited to no benefit on FBG was provided by 1,3-BDO treatment
in STZ-HCAR2” mice. The mean FBG of STZ-HCAR2"-1,3-BDO
group seemed lower than that of STZ-HCAR2”-Ctrl, but without
statistical difference. Therefore, even though the knockout of
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Fig. 1

3HB Treatment Reduces Insulin Resistance in T2D Mice. a Body weights of db/db mice (n = 10). b Overnight fasted blood glucose level

of db/db mice (n = 10). ¢ The glucose tolerance test of db/db mice. Glucose (2 g/kg body weight) was intraperitoneally (i.p.) administered in
overnight-fasted db/db mice. (n =5) d The area under the curve (AUC) in c. e Fasting serum insulin levels of db/db mice after 8 weeks of
indicated treatment. (n = 6) f A homeostasis model for assessment of the insulin resistance index (HOMA-IR) of the mice in e. g Body weights
of STZ induced T2D mice. (n =10) h Overnight fasted blood glucose level of STZ mice. (n=10) i The glucose tolerance test of STZ mice.
Glucose (2 g/kg body weight) was intraperitoneally (i.p.) administered in overnight-fasted STZ mice. (n = 5-9) j The area under the curve (AUC)
in i. k Fasting serum insulin levels of STZ mice after 8 weeks of indicated treatment. (n = 5-9). I A homeostasis model for assessment of the
insulin resistance index (HOMA-IR) of STZ mice. (n = 5-9) Data reported as mean + SD, *p < 0.05, **p < 0.001, and ***p < 0.0001
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HCAR?2 resulted in the lower FBG in STZ-HCAR2™ mice, it could still
be found that HCAR2 may mediate the hypoglycemic effect of
3HB on FBG in STZ-induced T2D mice to some degree. When
comparing the weight changes of mice in each group, the body
weight of ND group increased constantly over time. Although fed
on a high-fat diet, both STZ-Ctrl and STZ-1,3-BDO mice body
weights did not change significantly during the studies (Fig. 1g).
The body weights of HCAR2” mice were significantly higher than
that of wild-type mice, which was consistent with the reported
phenomenon of HCAR2”" mice.?' Unlike in db/db mice, 1,3-BDO
treatment showed improved glucose clearance compared to STZ-
Ctrl mice in IPGTT (Fig. 1i, j). After the glucose injection, the blood
glucose levels of mice in the STZ-1,3-BDO group were significantly
lower than those in the STZ-Ctrl group. The blood glucose levels of
both STZ-HCAR2”" groups were consistently lower than those in
STZ-Ctrl group, but the effect of 1,3-BDO was not reflected
(Fig. 1i, j). Compared with the ND group, the fasting insulin of the
STZ-Ctrl and STZ-1,3-BDO groups was significantly reduced by
>55%, but there was no difference between the two groups,
indicating that 1,3-BDO had no effect on the level of serum insulin
(Fig. 1k). Surprisingly, the serum fasting insulin levels of the two
STZ-HCAR2™" groups were almost the same as that of ND group,
and also with no inter-group difference (Fig. 1k). This suggested
that HCAR2 deletion may cause an impact on insulin expression or
secretion in mice, and also explained the reason why STZ-HCAR2™"
mice had lower blood glucose levels than wild-type STZ-induced
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T2D mice did (Fig. 1h). The calculated results of HOMA-IR showed
that the level of insulin resistance in the STZ-Ctrl group was
increased by about 48% compared to that of the ND group, while
3HB provided 55% reduction of HOMA-IR value in STZ-1,3-BDO
group compared to STZ-Ctrl mice (Fig. 11). Although STZ-HCAR2™"
mice had lower FBG levels (Fig. Th), it was attributed to the effect
of higher levels of insulin in STZ-HCAR2”" mice. Therefore, the
insulin resistance levels in STZ-HCAR2”" mice were similar to that
of STZ-Ctrl group, and 1,3-BDO had no significant effect on insulin
resistance in STZ-HCAR2”" mice (Fig. 1I).

Apart from the findings above, 1,3-BDO treatment reduced
adipose tissue, liver and kidney damage caused by T2D, and
improved blood lipids and liver functions (Supplementary Fig. S2-
S4). The protective effect on adipose tissue and liver was mediated
by HCAR2 (Supplementary Fig. S3). In combination, in vivo
application of 1,3-BDO resulted in reduced FBG, insulin resistance
level and tissue injury through HCAR2 in T2D mice, strongly
supporting the potential therapeutic value of 3HB in T2D.

3HB regulated Ca®*, cAMP, ERK1/2 and PPARy related biological
processes or signaling pathways

To further determine the underlying molecular mechanism of 1,3-
BDO treatment in T2D mice, we performed RNA-sequencing to
detect the gene expression profiles of adipose tissue of each
group, and cluster maps were drawn according to differentially
expressed genes (Fig. 2a, e). There were 800 differentially
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Fig. 2 Transcriptomics Analysis for Adipose Tissue of T2D Mice. a After 8 weeks of indicated treatment, the adipose tissue of db/db mice was
collected and studied the differential gene expression analysis (p < 0.05) by RNA sequencing. b Downstream genes of PPARy in differentially
expressed genes of db/db mice. ¢ Gene ontology (GO) enrichment analysis of db/db mice. The related biological processes (BP), cellular
component (CC) and molecular function (MF) were analyzed. d Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of db/
db mice. e After 8 weeks of indicated treatment, the adipose tissue of STZ induced T2D mice was collected and conducted the differential
gene expression analysis (p < 0.05) by RNA sequencing. f Downstream genes of PPARy in differentially expressed genes of STZ mice. g GO
enrichment analysis of STZ mice. The related biological processes (BP), cellular component (CC) and molecular function (MF) were analyzed.

h KEGG enrichment analysis of STZ mice
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expressed genes in adipose tissue samples of mice in db/db-Ctrl
group and db/db-1,3-BDO group. The heatmap (red and blue
colors indicate increased and decreased gene expressions,
respectively) showed that 1,3-BDO treatment could significantly
alter the gene expression pattern of adipose tissue in db/db mice
(Fig. 2a). 2461 differentially expressed genes were detected in the
adipose tissue of ND, STZ-Ctrl, and STZ-1,3-BDO groups. Compared
with STZ-Ctrl group, 1,3-BDO could alter the gene expression
pattern of adipose tissue in T2D mice and promote the reversal of
it to that of ND mice (Fig. 2e).

Related enriched Gene Ontology (GO) terms were shown in
Fig. 2¢, g. In terms of biological processes (BP), 3HB was involved
in Ca®* and cAMP related processes, glucose homeostasis, insulin
signaling pathways and extracellular signal-regulated kinases 1/2
(ERK1/2) regulation of the MAPK signaling pathway in adipose
tissue.

The KEGG enrichment results showed that the regulation of
PPAR, MAPK, Ca®*, cAMP, adipokines, insulin and some other
signaling pathways were affected by 1,3-BDO administration
(Fig. 2d, h). PPARYy is the main type of PPAR in adipose tissue, and
is a major target for drug development in T2D,?*?* suggesting that
3HB could act as an insulin resistance reduction agent through
PPARYy signaling pathway. Meanwhile, cAMP and Ca®" can be the
two important second messengers in the possible cell signal
transductions caused by 3HB.

PPARYy regulates the transcription of multiple genes involved in
adipogenesis and glucose homeostasis.?* If 1,3-BDO treatment has
a regulatory effect on PPARy-related signaling pathways in
adipose tissue, the expression of PPARy regulated downstream
genes should also be affected. We screened a total of 39 reported
PPARy downstream genes from all differentially expressed genes
of db/db mice, and performed cluster analysis on the screening
results. 1,3-BDO treatment significantly changed the expression of
PPARy downstream genes in adipose tissue of db/db mice
(Fig. 2b). A total of 136 reported PPARy regulated genes were
found out from all differentially expressed genes of ND, STZ-Ctrl,
and STZ-1,3-BDO groups, and the cluster analysis on the screening
results showed that the occurrence of T2D caused great changes
in the expression of PPARy downstream genes. However, 1,3-BDO
treatment changed the expression pattern of PPARy downstream
genes in adipose tissue of T2D mice, and made it closer to that of
ND group (Fig. 2f). In HCAR2” groups, the difference of total
differentially expressed genes and PPARy downstream genes
patterns between STZ-HCAR2”-Ctrl and STZ-HCAR2”-1,3-BDO
groups was not significant (Supplementary Fig. S1a and S1b). In
summary, 1,3-BDO treatment affects the expression of PPARy
controlling downstream genes via HCAR2 in adipose tissues.

3HB inhibits phosphorylation of PPARy Ser273 in vitro and in vivo
1,3-BDO treatment affects the transcriptional level of PPARy
downstream target genes through HCAR2 (Fig. 2b and f,
Supplementary Fig. S1a and S1b). PPARy agonists are widely used
in the treatment of T2D and related complications by enhancing
insulin sensitivity.>*> To investigate the exact effect of 3HB on
PPARy, the LanthaScreen TR-FRET PPARy Competitive Binding
Assay Kit was used to investigate whether 3HB is a PPARy ligand.
The IC5, of rosiglitazone (Rosi) in this assay was calculated to be
37 nM, which is consistent with reported literature,?® but 3HB
could not competitively bind to PPARy ligand binding domain,
indicating that 3HB is not a ligand of PPARYy (Fig. 3a). Meanwhile,
3HB had no effect on PPARy transcriptional activity (Fig. 3b).
PPARYy regulates the transcription of genes involved in lipogenesis,
and PPARy agonists or inhibitors could promote or inhibit the
differentiation of preadipocytes.** However, 3HB could not affect
the differentiation of 3T3-L1 preadipocytes (Fig. 3¢, d). To sum up,
3HB has no direct action on PPARy. Whereas, in 3T3-L1 adipocytes,
3HB could significantly promote insulin-dependent glucose
uptake with a weak dose-dependent effect after 24 h treatment.

SPRINGERNATURE

While in the HCAR2 knockdown group, the promoting effect of
3HB disappeared (Fig. 3e), indicating that 3HB might enhance
insulin sensitivity in adipocytes via HCAR2 mediation.

In fact, ligands of PPARy, such as TZDs, may cause over-
activation of PPARYy, leading to obesity, bone loss, heart failure and
other serious side effects.” Posttranslational modification of PPARy
is a new drug research direction to optimize the function of PPARy
and avoid adverse reactions.?”” For example, PPARy serine 273 site
can be phosphorylated by CDK5 or MEK/ERK, resulting in
functional disorder of PPARYy, inhibiting the expression of genes
related to insulin sensitivity, and finally leading to insulin
resistance.2?® Inhibition of phosphorylation at this site signifi-
cantly improves insulin resistance while avoiding the side effects
associated with over-activation of PPARy.5? To explore the effect
of 3HB on the phosphorylation of PPARy Ser273 and the role of
HCAR2 in this process, 3T3-L1 adipocytes transfected with si-Ctrl
or si-HCAR2 interfering RNA were stimulated with TNFa for 1h to
increase the cellular phosphorylation level of PPARy Ser273, and
followed with 3HB or Rosi treatment for another 1h. The
phosphorylation level of PPARy Ser273 was detected by Western
blot analysis, and the ratio of phosphorylated PPARy (p-PPARy)/
total PPARy was calculated to reflect the phosphorylation level of
PPARy Ser273. Both 3HB and Rosi could significantly inhibit the
phosphorylation of PPARy Ser273. However, when HCAR2 was
silenced, the inhibitory effect of 3HB on PPARy Ser273 phosphor-
ylation disappeared (Fig. 3f). The results of quantitative analysis
also showed that 1T mM and 5mM 3HB effectively inhibited the
phosphorylation level of PPARy Ser273 by 38 and 44%,
respectively, which was in a dose-dependent manner and even
lower than the non-TNFa group (Fig. 3j). Therefore, 3HB could
inhibit PPARy Ser273 phosphorylation through HCAR2 in 3T3-L1
adipocytes.

In order to investigate whether 1,3-BDO treatment inhibits the
phosphorylation of PPARy Ser273 in the adipose tissue of T2D
mice, the total protein of the adipose tissue of db/db mice was
extracted for Western blot detection. 1,3-BDO treatment indeed
reduced the phosphorylation of PPARy Ser273 in the adipose
tissue of db/db mice, along with significantly increased total
amount of PPARy (Fig. 3g). Quantitative analysis showed that 1,3-
BDO treatment reduced the phosphorylation level of PPARy
Ser273 in adipose tissue by 47% (Fig. 3k). Compared with healthy
mice in the ND group, the total protein expression of PPARy in the
adipose tissue of STZ-Ctrl was decreased, yet the phosphorylation
of PPARy Ser273 was significantly increased. 1,3-BDO treatment
promoted the expression of PPARy in the adipose tissue of STZ-
1,3-BDO mice, together with a 76% reduction in PPARy Ser273
phosphorylation (Fig. 3h and 3l). In HCAR2 knockout T2D mice, the
inhibitory effect of 3HB on PPARy Ser273 phosphorylation was
abolished (Fig. 3i, m), suggesting that HCAR2 was essential for 3HB
to inhibit PPARy Ser273 phosphorylation in adipose tissue of
T2D mice.

3HB inhibited phosphorylation of PPARy Ser273 via HCAR2/Ca*/
cAMP/PKA/Raf1/ERK1/2/PPARy pathway

Previous studies had shown that ERK1/2 was involved in the
phosphorylation of PPARy Ser273, and its inhibitors can signifi-
cantly decrease PPARy Ser273 phosphorylation level in adipose
tissue of obese mice® The activation of HCAR2 can increase
intracellular Ca®* concentration in macrophages and hippocampal
neurons, which then activates AC, and in turn increases
intracellular cAMP levels.'*?® The above results showed that 3HB
inhibited PPARy Ser273 phosphorylation via HCAR2 and enhanced
insulin sensitivity. To verify if cAMP, Ca®" and ERK1/2 were
involved in this process, 3T3-L1 adipocytes transfected with si-Ctrl
or si-HCAR2 interfering RNA were treated with different concen-
trations of 3HB or 100 uM forskolin for 1h, and then the
intracellular cAMP concentration was studied. 3HB could sig-
nificantly increase the cAMP level to >6.5 nmol/L. When HCAR2
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Fig. 3 3HB Inhibits Phosphorylation of PPARy Ser273 in vitro and in vivo. a TR-FRET PPARy ligand displacement assay of 3HB and positive
control rosiglitazone. b Influence on PPARy transcriptional activity of 3HB or 0.5 uM rosiglitazone was measured using a 293 T cells based on
the luciferase reporter assay. ¢ Oil red-O staining of mature 3T3-L1 adipocytes after 8 days of 3HB treatment. d Quantification of the staining
results in ¢ was presented relative to the control. e 3T3-L1 adipocytes with or without siRNA knockdown of HCAR2 were pretreated with 3HB
or 0.5 pM rosiglitazone for 24 h. After 10 min stimulation of insulin, the glucose uptake of cells was measured by a bioluminescent assay. f 3T3-
L1 adipocytes with or without siRNA knockdown of HCAR2 were treated with TNFa, followed by treatment with 3HB or rosiglitazone (Rosi) for
1 h. Phosphorylated PPARy at Ser273 and total PPARy were detected using anti-pPPARy or anti-PPARy antibodies, respectively. h—-i pPPARy
(Ser273) and total PPARy of adipose tissue in 8-week treated db/db mice, STZ induced T2D mice and STZ induced HCAR2”" T2D mice,
respectively. j-m The amounts of pPPARy (Ser273) and total PPARy in f-i were quantified using ImagelLab, and pPPARy/ PPARy ratio was
calculated. The results (expressed as the mean £ SD, n > 3) were presented relative to the control (3HB 0 mM, db/db-Ctrl, STZ-Ctrl or STZ-
HCAR2™-Ctrl), *p < 0.05, **p < 0.001, and ***p < 0.0001, **** p < 0.00001

expression was knocked down, the effect of 3HB was abolished the inactivation of Raf1. Inactive Raf1 cannot activate MEK, which
(Fig. 4a), suggesting that 3HB could increase intracellular cAMP  eventually leads to the inhibition of ERK1/2 activity.*®~>2 3HB could
level in adipocytes through HCAR2. 3HB could also significantly increase the concentration of cAMP in 3T3-L1 adipocytes and
increase the levels of intracellular Ca®>" through HCAR2 in a dose- inhibit the activity of ERK1/2. Thus, these two effects of 3HB are
dependent manner after 1 h treatment (1 mM treated group could likely to be linked by a putative pathway: CAMP/PKA/Raf1/ERK1/2.
increase by 16.9%; 5 mM group by 27.1%) (Fig. 4b). In order to Total protein of 3T3-L1 adipocytes treated with 3HB or 0.5 uM Rosi
explore whether 3HB affects the activity of ERK1/2 or not, we for 1 h was extracted for Western blot assays of phosphorylation of
treated 3T3-L1 adipocytes with 3HB or 10 uM ERK1/2 inhibitor PKA (Thr197), ERK1/2 (Thr202/Tyr204), Raf1 (Ser259) and PPARy
SCH772984 for 1h, and then the ERK1/2 activity was detected, (Ser273). 3HB significantly increased the phosphorylation levels of
which was reflected by the final NADH production efficiency of the PKA (Thr197) and Raf1 (Ser259), but decreased ERK1/2 (Thr202/
ERK1/2 catalytic reaction system. 3HB, like the ERK1/2 inhibitor Tyr204) and PPARy (Ser273) phosphorylation in adipocytes.
SCH772984, could effectively inhibit ERK1/2 activity in a dose- However, these effects were all abolished in HCAR2 silenced
dependent manner (1 mM 3HB could reduce ERK1/2 activity adipocytes (Fig. 4d-h). In other words, 3HB effectively activated
by~26%; 5mM by~35%). When the expression of HCAR2 was PKA, inhibited Raf1, reduced the activity of ERK1/2 and the
knocked down by siRNA, the inhibitory effect of 3HB on ERK1/2 phosphorylation level of PPARy Ser273 via HCAR2.
activity also disappeared (Fig. 4C), demonstrating that 3HB could To sum up, 3HB could increase intracellular Ca®>" and cAMP
inhibit ERK1/2 activity in adipocytes via HCAR2. levels via HCAR2 to activate PKA, thereby inhibiting Raf1 activity,
Studies have shown that protein kinase A (PKA) activated by resulting in a decrease in ERK1/2 activity, and ultimately decreasing
cAMP can phosphorylate the Ser259 site of Rafl proto-oncogene the phosphorylation level of PPARy Ser273. The pathway of 3HB/
serine/threonine-protein kinase (Raf1), the upstream kinase of HCAR2/Ca”"/cAMP/PKA/Raf1/ERK1/2/PPARy might be the molecu-
MEK and ERK1/2, and the phosphorylation of Ser259 will lead to lar mechanism by which 3HB ameliorates insulin resistance.
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Fig. 4 3HB Inhibits Phosphorylation of PPARy Ser273 Through HCAR2/Ca®"/cAMP/PKA/Raf1/ERK1/2 Pathway. a 3T3-L1 adipocytes with or
without siRNA knockdown of HCAR2 were treated with 3HB or 100 pM forskolin for 1 h. Intracellular cAMP concentration was detected using
an ELISA kit. b Intracellular Ca®" levels of 3T3-L1 adipocytes treated with 3HB or 1 uM ATP for 1 h were detected with Fura-2/AM probe kit. The
results were presented relative to 3HB 0 mM. ¢ The kinase activity of ERK1/2 of 3T3-L1 adipocytes treated with 3HB or 10 uM SCH779284 for 1 h
was measured using an ERK1/2 kinase Activity Quantitative detection Kit. d 3T3-L1 adipocytes with or without siRNA knock down of HCAR2
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3HB regulated the expression of genes affected by PPARy Ser273
phosphorylation in 3T3-L1 adipocytes

The expression levels of PPARy regulated downstream genes in
adipocytes was studied using the real-time quantitative PCR, and
several genes affected by phosphorylation of PPARy Ser273 were
also chosen.?® Although 3HB could not change the transcriptional
level of PPARy, it had a significant regulatory effect on the
expression of PPARy regulated genes, which was similar to Rosi
(Fig. 5a). HCAR2 siRNA could effectively inhibit the transcription of
Hcar2 by ~86% (Fig. 5e), while 3HB had no effect on the
transcription of PPARy downstream genes in these adipocytes, the
effect of Rosi still existed (Fig. 5b). When inhibiting ERK1/2 kinase
activity or antagonizing PPARy in adipocytes with SCH772984 or
GW9662, the effects of 3HB and Rosi on the expression of most
selected genes were abolished (Fig. 5¢c, d). The above results
suggested that 3HB could regulate the transcription of PPARy
downstream genes affected by Ser273 phosphorylation via HCAR2
and ERK1/2 in 3T3-L1 adipocytes, further revealing that the effect
of 3HB on the phosphorylation of PPARy Ser273 was depending
on HCAR2 and ERK1/2.

At the protein expression level, 3HB also promoted the
expression of PPARy regulated downstream genes encoding
adiponectin and glucose transporter 4 (GLUT4), while the
deficiency or inhibition of HCAR2, ERK1/2 or PPARy eliminated
the effect of 3HB (Fig. 5f). The promotion effect of 3HB on
adiponectin and GLUT4 protein expression was also verified in
adipose tissue of db/db T2D mice (Fig. 5g).

Therefore, 3HB significantly regulated the expression of PPARy
downstream genes which were affected by Ser273 phosphoryla-
tion at both gene transcription and protein translation levels,
resulting in reducing of insulin resistance level. This effect was
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dependent on HCAR2 and ERK1/2, further confirming the above
molecular mechanism by which 3HB inhibited PPARy Ser273
phosphorylation.

DISCUSSION
With the increasing number of patients of T2D around the world,
the problems of side effects and high prices of treatment drugs
gradually emerged and became more and more acute.! Discover-
ing and developing new drugs with low or even no side effect is of
great significance. 3HB is a small molecule derived from human
ketone body with a relatively wide range of safe dosages.®® This
study systematically elaborated the therapeutic effect of 3HB in
T2D mice, and found a novel molecular mechanism by which 3HB
ameliorates insulin resistance. Based on present in vitro results, we
propose for the first time that 3HB regulates ERK1/2 activity via
HCAR2/Ca®"/cAMP/PKA/Raf1, optimizing PPARy function from the
aspect of post-translational modification to reduce insulin
resistance.

1,3-BDO was used as a safe food additive since 1960s, and
studies revealed that it could be metabolized into 3HB in the liver
to provide energy.'® Solution of 1,3-BDO was used for drinking to
maintain a high blood concentration of 3HB.'??° In this study, 10%
1,3-BDO solution was provided for healthy C57BL/6 J mice to drink
freely for 2 h. The final blood concentration of 3HB was ~1.6 mM
(Supplementary Fig. S5b), much lower than that of patients with
ketoacidosis (9.1 mM).>* Therefore, exogenous supplement of 3HB
by drinking 1,3-BDO had better effect and higher security for
elevating blood ketone without further introduction of excessive
salt ions compared to oral ministration of 3HB-Na (Supplementary
Fig. S5a). The mean blood 3HB of db/db-Ctrl mice increased to
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Fig. 5 3HB Affects the Expression of Genes Regulated by PPARy Ser273 Phosphorylation in 3T3-L1 Adipocytes. a, b Gene expression of
adipocytes with or without siRNA knockdown of HCAR2 after 6 h 5 mM 3HB or 0.5 pM rosiglitazone (Rosi) treatment. ¢, d Gene expression of
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2.27 mM after fasting for 12 h, while db/db-1,3-BDO mice had a
significantly higher blood 3HB level of 3.83 mM (Supplementary
Fig. S5¢). ND healthy mice, STZ-Ctrl and STZ-1,3-BDO groups had
an average fasting blood 3HB levels of 1.2mM, 143 mM and
2.3 mM, respectively (Su Pplementary Fig. S5d). The concentration
of blood 3HB in HCAR2""T2D mice had the same increasing trend
as wild-type mice (Supplementary Fig. S5d). The fasting blood 3HB
of all groups did not exceed 4 mM, indicating that 1,3-BDO could
be used as a safe 3HB supplement for T2D patients. Hyperglyce-
mia could cause irreversibly damage to many organs.' 3HB has
excellent protective effects on cardiovascular s 3ystem central
nervous system, kidney, retina and other tissues.>**7° This study
found that 3HB could reduce the pathological damage of adipose
tissue, liver and kidney caused by T2D (Supplementary Fig. S2-S3),
and improve blood lipid and liver function in T2D mice
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(Supplementary Fig. S4). Therefore, 3HB in the treatment of T2D
is beneficial to protect the functions of organs and tissues from
T2D related complications. Lipotoxicity plays a key role in the
development of both insulin resistance,®® the improvement of
blood lipid in T2D mice may also be the mechanism by which 3HB
reduces insulin resistance, which is worthy of further study.

Our study showed the ameliorative effect of 3HB on insulin
resistance in T2D mice, but it would be better to have more in vivo
evidence to demonstrate the effect of 3HB on insulin sensitivity,
such as insulin tolerance test, euglycemic glucose clamp or
detection of AKT phosphorylation in adipose tissue. It was
reported that 3HB treatment increased AKT phosphorylation in
mouse muscle.*’*? We speculated that 3HB could have a similar
effect in T2D mice, and further studies are needed to verify the
hypothesis. Limitations of this study also include the fact that the

SPRINGER NATURE



3-Hydroxybutyrate ameliorates insulin resistance by inhibiting...
Zhang et al.

molecular mechanism was only accomplished at the cellular level
and future in vivo experiments are required to verify the
conclusions.

In this study, the effect of 3HB on the activity of CDK5 was also
detected. CDK5 needs to combine with the regulatory factor p35
in cells to form a CDK5/p35 complex before playing the role of
kinase. Afterwards, p35 was cleaved by calpain, forming a CDK5/
p25 complex for stronger and longer activity.** 3HB could
significantly inhibit the activity of CDK5/p35 as Roscovitine, a
CDK5/p35 inhibitor (Supplementary Fig. S6a), without making any
impact on CDK5/p25 (Supplementary Fig. S6b). Thus, the
inhibitory effect of 3HB on CDK5 might merely has a limited
effect on the phosphorylation of PPARy Ser273. Additionally, 3HB
increased the level of Ca®* in adipocytes (Fig. 4B), which might
activate calpain to cut p35 into p25, and finally offset the effect of
3HB. Nevertheless, abnormally activated CDK5 was observed in
neurodegenerative diseases.** 3HB could improve neurodegen-
erative diseases such as Alzheimer’s disease and Parkinson’s
syndrome, while the current mechanism was only limited to its
anti-inflammatory and antioxidant stress effects.***® For future
studies, the effect of 3HB on CDK5/p35 provides a new molecular
mechanism for the treatment of neurodegenerative diseases.

In conclusion, our study systematically elaborated the ther-
apeutic effects of 3HB in T2D mice and identified a possible
signaling pathway by which 3HB exerts its antidiabetic effects,
providing strong evidence for its potential as a therapeutic drug in
the clinical management of T2D.

MATERIALS AND METHODS
Animal treatments
Four-week-old male C57BL/6 mice were purchased from Vital River
Laboratory Animal Technology Co, Beijing, China. HCAR2”" mice
on C57BL/6 background were kindly donated by Dr. Wei Wang of
Jilin University. 4-week-old male db/db mice on C57BL/6 back-
ground were purchased from GemPharmatech, Nanjing, China. All
mice were housed in a specific pathogen-free animal facility in
Tsinghua animal house, with a 12 h light and 12 h dark cycle. All
animal procedures were approved by the Institutional Animal Care
and Use Ethic Committee of Tsinghua University (NO. 19-CGQ1).
Except normal diet control group (ND), all the animals were fed
a high-fat diet from 4-week-old. For db/db, mice were grouped
based on glucose levels at an age of 5 weeks. For STZ induced T2D
model, 8-week-old C57BL/6 male mice were injected intraper-
itoneally with STZ at the dose of 50 mg/kg for five consecutive
days. From 7 weeks of age, animals were given water (control) or
10% 1,3-BDO solution as drink fluid.

Histology analysis

Collected adipose tissue, liver and kidney were fixed in 4%
paraformaldehyde for histopathological analysis. Firstly, the fixed
tissues were treated with gradient dehydration, followed with
paraffin embedding. The embedded tissues were cut into 5um
sections to perform H&E staining. The H&E stained sections were
visualized using an Olympus BX43.

Intraperitoneal glucose tolerance test (IPGTT)

Mice were fasted for 12 h, and then 2 g/kg glucose was injected
into the intraperitoneal cavity. Blood glucose levels were
measured at 0, 30, 60, and 120 min with a glucometer (Sinocare,
China).

Biochemical measurements

Blood was collected from the heart of T2D mice under general
anesthesia. The samples were centrifuged at 4°C, 5000 x g for
5 min and the supernatants were collected. Fasting serum insulin
was detected with an ELISA kit. Serum triglyceride, cholesterol,
high-density lipoprotein cholesterol, low-density lipoprotein
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cholesterol, alanine aminotransferase, aspartate aminotransferase
and total bilirubin were measured with a fully automatic
biochemical analysis meter (Rayto Life, China). Blood 3HB
concentration was detected with a blood ketone body meter
(Abbott, USA)

Cell lines and culture
3T3-L1 preadipocytes and HEK293T cells were obtained from
ATCC. Cells were cultured in BMDM growth high glucose
Dulbecco’s modified Eagle’s medium with 10% FBS and 100 pg/
mL penicillin and streptomycin. 3T3-L1 preadipocytes were grown
and induced to differentiate as described.”® To examine the effect
on differentiation, 3T3-L1 preadipocytes were induced to differ-
entiate in the presence of 3HB or rosiglitazone. At Day 8 post-
differentiation, the cells were stained with Oil Red O. To
preliminarily examine the effect on PPARy phosphorylation at
Ser273, 3T3-L1 adipocytes were pretreated with TNF-a for 1h,
followed by treatment with 3HB or rosiglitazone for another 1 h.
For the measurement of PKA, Raf1, ERK1/2 and PPARy phosphor-
ylation, 3T3-L1 adipocytes were treated with 3HB or rosiglitazone
for 1Th. To detect the effect of 3HB on PPARy regulated
downstream genes expression at protein level, 3T3-L1 adipocytes
were incubated in a serum-free medium for 16 h followed by the
treatment with 3HB or rosiglitazone alone, or together with
inhibitors (SCH772984 or GW9662) for 48 h.

3HB was dissolved in sterile water, and other chemicals used in
the treatment were dissolved in DMSO. The vehicle controls for
each treatment were sterile water (3HB 0 mM).

PPARYy luciferase reporter and ligand competitive binding assay
HEK293T cells were transfected with PPRE-TK-Luciferase reporter
along with PPARy and RXRa expression vectors. 6h after
transfection, the cells were treated with 3HB or rosiglitazone for
18h and then harvested for the luciferase assay. Luciferase
activities were normalized to Renilla activities co-transfected as an
internal control. LanthaScreen™ TR-FRET PPARy competitive
binding assay was performed according to the manufacturer’s
instructions.

Intracellular calcium ion, cCAMP and kinase activity measurement
3T3-L1 adipocytes with or without siRNA knock down of HCAR2
were treated with 3HB or different positive control compound for
1 h. Intracellular calcium ion levels in 3HB and 1 uM ATP groups
were detected with a Fura-2/AM probe kit. Intracellular cAMP
concentration in 3HB and 100 uM forskolin groups were measured
with a cAMP ELISA kit. ERK1/2 activity in 3HB and 10puM
SCH772984 groups were quantified with a ERK1/2 kinase Activity
Quantitative detection Kit. CDK5/p35 and CDK5/p25 activity were
also measured with kinase Activity Quantitative detection Kits.

Knockdown by siRNA

Mature 3T3-L1 adipocytes were cultured in high glucose DMEM
with 10% FBS and 100 pg/mL penicillin and streptomycin. siRNA
was transfected into 3T3-L1 adipocytes with Lipofectamine 3000.
Gene expression of Hcar2 was detected after 24 h. Other in vitro
studies were performed after 48 h of transfection.

Glucose uptake assay

3T3-L1 adipocytes with or without HCAR2 knockdown by siRNA
were treated with 3HB or rosiglitazone for 24 h. Glucose uptake
was measured by a bioluminescent assay using the Glucose
Uptake-Glo™ Assay Kit.

Western blot analysis

The adipose tissue from T2D mice or 3T3-L1 adipocytes were lysed
in cell lysis buffer (Yeasen, China) with phosphatase inhibitor
cocktail, protease inhibitor and PMSF. Western blot analysis were
performed with 30-50 pg protein using commercially available or
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Table 1. Primers of gPCR
Genes Forward primers Reverse primers
HCAR2 5-TCCAAGTCTCCAAAGGTGGT-3’ 5-TGTTTCTCTCCAGCACTGAGTT-3'
aP2 5-AAGGTGAAGAGCATCATAACCCT-3’ 5-TCACGCCTTTCATAACACATTCC-3/
Adipsin 5/-CATGCTCGGCCCTACATGG-3’ 5-CACAGAGTCGTCATCCGTCAC-3’
LPL 5'-GGGAGTTTGGCTCCAGAGTTT-3’ 5-TGTGTCTTCAGGGGTCCTTAG-3/
Glut4 5'-GTGACTGGAACACTGGTCCTA-3’ 5-CCAGCCACGTTGCATTGTAG-3’
Adiponectin 5/-TGTTCCTCTTAATCCTGCCCA-3’ 5-CCAACCTGCACAAGTTCCCTT-3/
CD36 5/-AAGCTATTGCGACATGATT-3’ 5-GATCCGAACACAGCGTAGAT-3/
Resistin 5-AAGAACCTTTCATTTCCCCTCCT-3/ 5/-GTCCAGCAATTTAAGCCAATGTT-3/
Leptin 5'-GAGACCCCTGTGTCGGTTC-3' 5-CTGCGTGTGTGAAATGTCATTG-3/
PPARy 5'-GCATGGTGCCTTCGCTGA-3’ 5-TGGCATCTCTGTGTCAACCATG-3’
Car3 5-TGACAGGTCTATGCTGAGGGG-3/ 5-CAGCGTATTTTACTCCGTCCAC-3’
Nrid1 5/-TACATTGGCTCTAGTGGCTCC-3/ 5-CAGTAGGTGATGGTGGGAAGTA-3/
Nri1d2 5-TGAACGCAGGAGGTGTGATTG-3’ 5-GAGGACTGGAAGCTATTCTCAGA-3’
GAPDH 5/-AGAACATCATCCCTGCATCC-3’ 5/-TCCACCACCCTGTTGCTGTA-3'

donated antibodies to the following: pPKA (Thr197), PKA, pRaf1
(Ser259), Raf1, pERK1/2 (Thr202/Tyr204), ERK1/2, PPARy, GLUT4
and GAPDH (Cell Signaling), pPPARy(Ser273) (Bioss, China), HCAR2
(ABclonal, China), and adiponectin (donated by Dr. Li Zhen of
Tsinghua University). Secondary antibodies were obtained from
Cell Signaling.

Isolation of RNA and analysis by real-time quantitative PCR

Total RNA of adipose tissue or 3T3-L1 adipocytes was extracted
with TRIzol reagent and the cDNAs were generated by reverse
transcription kit. Real-Time Quantitative PCR (qPCR) was per-
formed with the standard protocols in ABI 7500 Fast Real-Time
PCR System (Applied Biosystems™ 7500, ThermoFisher, USA) using
SYBR Green Master Mix. GAPDH gene expression was used to
normalize the expression of mRNA for genes of interest. Primers
used for gPCR are listed (Table 1).

Transcriptome sequencing and analysis

Total RNA of adipose tissue was collected to analyze the
transcriptome. A cDNA library was constructed using qualified
adipose tissue RNA samples. The transcriptome sequencing
processes of adipose tissue were performed by Novogene (Beijing,
China) using lllumina HiSeqTM 4000 sequencer. The adaptors of
paired-end reads were trimmed and quality control checks were
carried out using trim-galore (v.0.6.0). Reads were aligned to
mouse genome reference (GRCm38.p6) from GENCODE using
STAR (v.2.7.3a). FeatureCounts (v.1.6.3) counted reads stored in
BAM format to exon sites of genes included in GTF files from
GENCODE. Differential gene expression analysis was conducted
using raw counts as input using R (v.3.5.1) package DESeq2
(v.1.22.2). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis and Gene ontology (GO) enrichment analysis of
differential genes were performed by R (v.3.5.1) package
clusterProfiler (v3.10.1).

Quantification and statistical analysis

Results are presented as the mean + standard deviation (SD). The
statistical differences between two groups were analyzed using
the two-tailed t-test or one-way ANOVA by GraphPad Prism
software 9. The data were considered significant difference as the
p-value < 0.05.
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