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Abstract
Nicotinamide N-methyltransferase (NNMT) is a novel regulator, shown recently to regulate adipose tissue energy expendi-
ture partly through changing NAD + content, which is essential for mitochondrial. We determine whether NNMT plays 
important role in energy metabolism during the beige adipogenesis in vivo and in vitro. Male C57BL/6 mice at 8 weeks old 
were exposed to 4 ℃ for 1, 2, 3, 4, and 5 days, respectively. Interscapular brown adipose tissue (iBAT), inguinal subcutane-
ous WAT (sWAT), and epididymal WAT (eWAT) were harvested for gene and protein expression analysis and the correla-
tion analysis. In addition, cultured primary mice brown adipocyte (BA) and white adipocyte (WA) treated with or without 
β3-adrenoceptor agonist (CL316, 243) were also harvested for these analyses. A combination of NNMT and its related 
genetic (Nmnat1, Nampt, Cyp2e1, Nrk1, Cd38) and proteic analyses and also the NAD + levels demonstrated the dynamical 
and depot-specific remodeling of NAD metabolism in different adipose tissues in response to cold exposure. While upon 
CL316, 243 treatment, gene expression of Nnmt, Nampt, Cyp2e1, and Nrk1 was all significantly decreased in WA but not in 
BA. The increased NAD + amount in BA and WA during the beige adipogenesis was observed. Besides, it is demonstrated 
that the expression of NNMT both in sWAT and WA showed significant negative correlation with browning markers UCP-1 
and PGC-1α at protein levels. Above all, NNMT was induced in WAT during the ‘cold remodeling’ phase and correlated 
negatively with the process of browning in sWAT and WA, indicating the specific role of NNMT in the regulation of energy 
homeostasis during the process of beige adipogenesis.
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Introduction

Adipose tissue is one of the most flexible organs in our whole 
body, and it has the ability to regulate the balance of energy 
metabolism as the environment changes. According to the 
morphology and function, adipose tissue can be divided into 

white adipose tissue (WAT) and brown adipose tissue (BAT), 
respectively [10]. Brown adipocytes contain numerous multi-
cellular lipid droplets and are rich in mitochondria, which is 
specialized to generate heat through energy dissipation rather 
than shivering, while white adipocytes, on the other hand, have 
a single locular lipid droplet and relatively few mitochondria, 
which are considered to maintain energy balance throughout 
the body through lipid processing. More importantly, recent 
research has identified an intermediate type of adipocyte that is 
present in WAT in mammals. These cells, known as beige cells, 
have high expression of uncoupling protein-1 (UCP-1) and large 
numbers of mitochondria and exhibit multilocular lipid droplets 
like BAT morphology [21, 36]. The browning of adipose tis-
sues promotes the heat production and energy consumption and 
keep the energy metabolism balance [4]. Therefore, perhaps not 
surprisingly, the activity of adipose tissue mitochondria appears 
to be particularly important for maintaining overall energy meta-
bolic health during the process of beige adipogenesis.
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Mitochondria are very important organelles for the physi-
ology of adipose tissue in many fundamental ways. As men-
tioned above, white adipocytes can be induced to become 
beige adipocytes under some certain circumstances or drugs. 
During this process, the number of mitochondria in the beige 
adipocytes increases significantly in order to perform their 
thermogenic functions. Recently, researchers have found that 
nicotinamide adenine dinucleotide (NAD) + /NADH redox 
coupling largely determines the mitochondrial metabolism 
homeostasis. And the disorders of NAD + homeostasis and 
mitochondrial metabolism are considered to leading to obe-
sity and its related metabolic complications. N-nicotinamide 
methyltransferase (NNMT) is a methyltransferase, which 
participate fully in the synthesis of N1-methylnicotinamide 
MNAM and S-adenosine homocysteine (SAH) catalyzed by 
universal methyl donor S-adenosine methionine (SAM) [15, 
26, 38]. NNMT is highly expressed in adipose tissue and the 
liver, emerging as a novel and important player in regulating 
whole-body energy homeostasis, which is partly due to his-
tone methylation and NAD + content increasement [12, 17, 
29]. In our previous study, we found that cold exposure can 
temporarily reduce the lipogenesis in liver and increase the 
gluconeogenesis by enhancing NAD + /NADH metabolism, 
which is helpful to maintain the lipid and glucose homeostasis 
systematically [34].

Recently, Yamaguchi et al. reported that NAD + biosyn-
thesis mediated by nicotinamide phosphoribosyl transferase 
(Nampt) in adipose tissue is of great importance for the reg-
ulation of adaptive thermogenesis, lipolysis, and systemic 
energy metabolism [37]. However, the dynamic change of 
NAD + -related enzymes in the different types of adipose 
tissues under cold exposure is more comprehensive, and its 
important role in the mitochondrial metabolic balance has not 
yet been documented. In this study, we planned to investigate 
the changes regarding NAD-synthesizing and NAD-consum-
ing enzymes and their role in the energy metabolism in dif-
ferent adipose tissues of male C57BL/6 mice exposed to cold 
environment (from 0 to 5 days, respectively). At the cellular 
level, we also observed the effects of β3-adrenoceptor agonist 
(CL316, 243) on the expression of NAD + -related enzymes 
in primary brown adipocytes (BA) and white adipocytes (WA) 
from male C57BL/6 mice. In order to identify the relationship 
between the NAD + /NADH metabolism and beige adipogen-
esis, we also determined the correlation of NNMT and the 
browning markers in vivo and in vitro.

Materials and methods

Mouse colonies and cold exposure

All animal protocols were approved by the ethics commit-
tee of Xi’an Jiaotong University, China. This study was 

approved by the animal protection and utilization committee 
of Xi’an Jiaotong University (no.: xjtu-2012–03-06–0037).

The male mice used in this study were in the C57BL/6 
background and were bred and maintained under specific 
pathogen free (SPF) conditions with a 12-h light/12-h dark 
cycle. Mice were maintained singe-housed and had ad libi-
tum access to water and regular chow diet. After 1 week 
of adaptation, they were randomly divided into 6 groups: 
room temperature (RT) which were maintained between 22 
and 23 ℃ for 5 days and cold exposure (n = 6 days for each 
group) for 1, 2, 3, 4, and 5 days, respectively, the same as our 
previous study [14]. After animal protocols were completed, 
mice were anesthetized using isoflurane and subsequently 
sacrificed. All efforts were made to minimize animal suf-
fering. Next, the interscapular BAT (iBAT), subcutaneous 
WAT (sWAT), and epididymal WAT (eWAT) [7, 33] were 
dissected and immediately processed or flash-frozen in liq-
uid nitrogen. Tissue samples were stored at – 80 ℃ until 
further use to extract RNA and proteins.

Adipocyte culture

Previously described procedures were used [18, 19]. Briefly, 
iBAT and sWAT were isolated from 3-week-old C57BL/6 
male mice for the culture of primary mice BA and WA. 
The white preadipocytes and the brown preadipocytes were 
maintained at 37 ℃ and 5% CO2. Post-confluent preadipo-
cytes were cultured in a standard differentiation medium to 
induce the process differentiation.

CL316, 243 treatment

The cells were fully differentiated after 9 days of culture 
in the differentiation medium. The cells were treated with 
0.5 µM, 1.0 µM, or 2.0 µM CL316, 243 (Tocris Bioscience, 
Bristol, UK), respectively, for 24 h after the deprivation of 
fetal bovine serum for 12 h. After CL316, 243 treatment, 
mature adipocytes were lysed in Trizol for RNA extraction 
and in cold RIPA for protein extraction.

Gene expression analysis

Trizol (Invitrogen, San Diego, USA) was used to isolate 
the total RNA of both tissues and cells. The mRNA sam-
ples were reverse transcribed into cDNA using a commer-
cial RT-PCR Kit according to the manufacturer’s instruc-
tions (Thermo Scientific, Waltham, USA). Real-time PCR 
was performed using a commercial RT-PCR Kit accord-
ing to the manufacturer’s instructions (TaKaRa, Japan) as 
previously described [14]. Briefly, the relative expression 
of the gene of interest were normalized to the amount of 
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cyclophilin mRNA as the housekeeping gene using the 
–∆∆Ct method. Primers synthesized by AUGCT (Beijing, 
China) and the sequences are listed in Table 1.

Western blotting analysis

Procedures were used as previously described [17, 18]. 
Briefly, protein samples (20 µg) were separated using 
10% SDS-PAGE gels and then transferred to polyvi-
nylidene dif luoride membranes (Millipore, Bedford, 
MA, USA). Membranes were blocked with 5% nonfat dry 
milk in TBS containing 0.1% Tween for 1 h at room tem-
perature and then blotted with primary antibodies (anti-
NAMPT (1:1000) (sc-166866, Santa Cruz, CA, USA), 
anti-NNMT (1:1000) (ab45652; ab110304, Abcam, Cam-
bridge, MA, USA), anti-Acetyl Lysine (1:1000) (9441 s, 
Cell Signaling Technology, Danvers, MA, USA), anti-
UCP-1 (1:500) (sc6529, Santa Cruz, CA, USA), anti-
PGC-1α (1:1000) (ab54481, Abcam, Cambridge, MA, 
USA), and anti-β-actin (1:1000) (sc-9104) (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA)) overnight. 
After washing, membranes were incubated with a second-
ary horseradish peroxidase (HRP)-coupled antibody and 
visualized using Immobilon HRP substrate (Millipore). 
The density of the bands was quantified using Image 
Lab software (Bio-Rad). The ratio of the intensity of the 
target protein to that of β-actin loading control was cal-
culated to represent the expression level of the protein. 
And the normalization was carried out with reference to 
the total lane protein as determined using a stain-free 
technology by Bio-Rad.

Concentration determination of NAD + 

NAD + levels were determined using LC–MS (liquid chro-
matography coupled with mass spectrometry) strategy [39]. 
In brief, 20 mg frozen tissue sample or 100 µg quantified cell 

protein was thoroughly mixed with 800 µL of cold methanol 
acetonitrile (v/v, 1:1) via vertexing. And then the mixture 
was processed with sonication for 1 h in ice baths, and cen-
trifuged at 4 °C for 30 min with a speed of 14,000 g. The 
supernatants were then harvested and dried under vacuum, 
25 µL of 50% acetonitrile solution was added for redis-
solution, and centrifuged at 4 °C for 30 min with a speed 
of 16,000 g, and then transferred to the sampling vial for 
further LC–MS analysis. LC–MS analysis was performed 
using a Shimadzu Nexera LC-30AD UHPLC system with a 
Waters® ACQUITY UPLC® BEH Amide column (1.7 μm, 
2.1 mm × 100 mm) and an AB SCIEX QTRAP 5500 mass 
spectrometer. NAD + levels were quantitated based on the 
peak area compared to a standard curve and normalized to 
weights of frozen tissues and protein content of adipocytes. 
A quality control sample was set for a certain number of 
experimental samples in the sample queue to detect and 
evaluate the stability and repeatability of the system.

PGC‑1α acetylation assays

PGC-1α acetylation was detected by immunoprecipitation 
[1]. In brief, tissues and cells were lysed in ice-cold lysis 
buffer containing 50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 
0.5% NP-40, 1 mM DTT, and 1 mM PMSF supplemented 
with a cocktail of protease and phosphatase inhibitors. The 
lysates were clarified by centrifugation at 12,000 g for 5 min 
and subjected to immunoprecipitation. Then, 100 μg of pro-
tein extract was incubated with an anti-PGC-1α antibody 
(1:1000) (sc-518025, Santa Cruz, CA, USA) for 3 h at 4 °C, 
followed by a second incubation of 3 h at 4 °C with pro-
tein (A + G) agarose beads (Beyotime Company, Shanghai, 
China). The beads were washed three times, solubilized in 
40 μL of 2 × SDS sample buffer. And then the PGC-1α lev-
els and acetylation were detected using specific antibodies 
for PGC-1α (1:1000) (ab54481, Abcam, Cambridge, MA, 
USA) and acetyl lysine (1:1000) (9441 s, Cell Signaling 
Technology, Danvers, MA, USA), respectively. PGC-1α 

Table 1   Primers used for quantitative real-time PCR analysis

acb Accession No Forward primer Reverse primer

Nnmt NM_010924 TGT​GCA​GAA​AAC​GAG​ATC​CTC​ AGT​TCT​CCT​TTT​ACA​GCA​CCCA​
Nampt NM_021524 GCA​GAA​GCC​GAG​TTC​AAC​ATC​ TTT​TCA​CGG​CAT​TCA​AAG​TAGGA​
Nmnat1 NM_133435 TGG​CTC​TTT​TAA​CCC​CAT​CAC​ TCT​TCT​TGT​ACG​CAT​CAC​CGA​
Nrk1 NM_145497 TCA​TTG​GAA​TTG​GTG​GTG​TGAC​ CAA​CAG​GAA​ACT​GCT​GAC​ATCAT​
Cyp2e1 Cd38 NM_021282 NM_007646 CGT​TGC​CTT​GCT​TGT​CTG​GA GAC​GCT​

GCC​TCA​TCT​ACA​CT
AAG​AAA​GGA​ATT​GGG​AAA​

GGTCC TCT​TGG​AAA​CAA​ATG​
CTC​CT

Ucp-1 NM_009463 CTG​CCA​GGA​CAG​TAC​CCA​AG TCA​GCT​GTT​CAA​AGC​ACA​CA
Pgc-1α NM_008904 CCC​TGC​CAT​TGT​TAA​GAC​C TGC​TGC​TGT​TCC​TGT​TTT​C
Cyclophilin NM_134084 CAT​ACA​GGT​CCT​GGC​ATC​TTGTC​ AGA​CCA​CAT​GCT​TGC​CAT​CCAG​
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acetylation levels were obtained by acetyl lysine levels nor-
malized to total PGC-1α levels.

Statistical analysis

All statistical analysis was performed with GraphPad Prism 
6.0 (GraphPad Software, La Jolla, CA, USA). Data were 
expressed as means ± S.E.M. of independent experiments. 
Normality of the data was checked by Shapiro–Wilk test. 
Comparisons among groups were performed by one-way 
analysis of variance (one-way ANOVA) in conjunction 
with Tukey’s post hoc test (nonskewed variables) and 
Kruskal–Wallis test (skewed variables) to compare the dif-
ferences between the treatment groups. An inverse correla-
tion was defined as r =  − 1 and a direct correlation as r =  + 1 
following a Pearson correlation test. Differences were con-
sidered statistically significant when P < 0.05.

Results

Dynamic changes in the expression of NNMT 
and its related enzymes among the adipose tissues 
during cold exposure

In order to clarify the effect of browning on the 
NAD + metabolism at different time points, we first inves-
tigated the expression level of Nnmt and related enzymes 
in the different adipose tissues after the cold exposure. In 
iBAT, the mRNA level of Nnmt increased significantly in 
the first 3 days and then came to the basal line in the fol-
lowing 2 days of the cold exposure. And the mRNA level 
of cytochrome P450 2E1 (Cyp2e1), another key gene of 
NAD + clearance pathway, also showed the same tendency 
exactly, but without statistical significance. Interestingly, as 
for other NAD + metabolism-related enzymes, the mRNA 
level of Nmnat1 increased significantly at the day 4 and 

nicotinamide riboside kinase 1(Nrk1) decreased significantly 
at day 5 of the cold exposure, respectively, while the mRNA 
level of Nampt, and the key NAD consuming enzyme, clus-
ter of differentiation 38 (Cd38) showed no significant differ-
ence during the cold exposure in iBAT (Fig. 1A).

In sWAT, the expression of Nnmt was down-regulated 
and showed the significant difference at day 5 of the cold 
exposure. The mRNA levels of Nmnat1, Nampt, and Nrk1 
exhibited a rapid and sustained down-regulation signifi-
cantly throughout the whole process, while the expression of 
Cyp2e1 and Cd38, two enzymes related to NAD + clearance 
pathway, were decreased but showed no significant differ-
ence during the cold exposure (Fig. 1A).

In eWAT, cold exposure induced a gradual increase in the 
expression of Nnmt in the first 3 days and then decreased to 
the basal line in the latter 2 days of the treatment. Notably, 
the mRNA levels of Nampt, Nmnat1, Nrk1, and Cyp2e1 were 
all significantly decreased in the earlier stage and recovered 
in the next 2 or 3 days. It is somewhat unexpected that the 
mRNA level of Cd38 showed an obvious decreasing ten-
dency but no significant change during the cold treatment 
(Fig. 1A).

To extend our observations at the gene level, we charac-
terized the effects of cold exposure on the changes in the pro-
teins NNMT and NAMPT. Western blotting analysis showed 
that NNMT and NAMPT protein exhibited a similar expres-
sion pattern like their gene expression, respectively, both in 
iBAT and sWAT. However, perhaps surprisingly, NNMT and 
NAMPT protein was found to be increased significantly at 
day 5 and day 3, respectively, in eWAT, while they showed 
no obvious change in the other time points (Fig. 1B and 
C). These data demonstrate that cold exposure induces the 
changes of NNMT mRNA expression in all depots. How-
ever, the relative expression of the other markers of NAD 
and the magnitude of the changes and the temporal profiles 
differed across the different adipose tissues. Moreover, we 
found the PGC-1α protein level increased significantly since 
day 2 and day 3 in iBAT and WAT, respectively (Fig. 1B and 
C), which was consistent with the gene expression profile of 
that in our previous study [13].

Dynamic changes in the NAD + metabolism 
of the different adipose tissues during cold exposure

To demonstrate the role of NAD + metabolism during the 
beige adipogenesis, we next analyzed how the NAD + levels 
were affected in different adipose tissues after cold exposure. 
As shown in Fig. 2A, NAD + concentration in iBAT was not 
changed in the first 3 days and then increased significantly 
at day 4 and day 5, while the NAD + concentration were 
increased significantly at the last 3 days but not changed in 
the first 2 days of the cold accumulation both in sWAT and 
eWAT. Since the acetylation status was a post-translational 

Fig. 1   Dynamic changes in the expression of NAD + metabolism-
related enzymes among the adipose tissues during cold exposure. A 
Quantitative PCR analysis of NAD + metabolism-related enzymes 
genes expression in iBAT, sWAT, and eWAT of control mice and 
mice exposed to cold (4  °C) up to 5  days. The data show the fold 
changes of the expressions for the target genes in iBAT, sWAT, and 
eWAT of RT mice (n = 6 for each group). Values are mean ± S.E.M., 
and expression of genes is corrected for the housekeeping gene cyclo-
philin. (*P < 0.05, **P < 0.01, ***P < 0.001 vs. the expression level 
of RT group). B Western blotting analysis for NAMPT, NNMT, and 
PGC-1α using total protein isolated from iBAT, sWAT, and eWAT of 
RT and cold mice (n = 6 for each group). C Quantification of Western 
blotting analysis. Protein content is expressed relative to the control 
and represents three independent experiments with triplicate observa-
tions in each experiment. Volume is the sum of all pixel intensities 
within a band. All data are normalized to the total lane protein and 
are expressed as mean ± S.E.M. (*P < 0.05, **P < 0.01, ***P < 0.001 
vs. the expression level of RT group)

◂
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modification of lysine residues and reflected the NAD + accu-
mulation level in cells, we then analyzed the acetylation sta-
tus of the adipose tissues using Western blotting analysis. 
An obvious tendency towards decreased acetylation follow-
ing cold exposure was observed in all the adipose tissues 
(Fig. 2B). The difference was that there was not a statistical 
decrease of the acetylation in iBAT or eWAT until day 4 and 

day 5, while the decrease came to a statistical difference from 
day 3 in sWAT (Fig. 2C). This change then persisted through-
out the experiment, supporting the results of NAD + quantifi-
cation changes. Hence, cold exposure not only cause changes 
to NAD-associated enzymes, but also rapidly affected the 
lysine acetylation and NAD + level in the adipose tissues in 
a depot-specific manner.

Fig. 2   Cold exposure causes decreased global lysine acetylation 
among the adipose tissues. A Effects of cold exposure on NAD + lev-
els in different adipose tissues. B Global lysine acetylation was 
measured by Western blotting analyses. C Lane intensity was quanti-
fied and used to determine effects of cold exposure on lysine acety-

lation. Volume is the sum of all pixel intensities within a band. All 
data are normalized to the total lane protein and are expressed as 
mean ± S.E.M. (*P < 0.05, **P < 0.01 vs. the expression level of RT 
group)
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Fig. 3   NNMT expression negatively correlates with browning 
marker expression at protein level in sWAT but not in iBAT in vivo. 
Partial regression plots of NNMT protein expression with relative 
gene expression of browning marker genes A UCP-1 protein and B 
PGC-1α protein in iBAT, sWAT, and eWAT at different time of cold 
treatment, respectively. C Western blotting analysis for PGC-1α 
deacetylation using immunoprecipitation. D Quantification of West-

ern blotting analysis for PGC-1α deacetylation. Protein content is 
expressed relative to the control with triplicate observations in each 
experiment. Volume is the sum of all pixel intensities within a band. 
All data are normalized to the total lane protein and are expressed as 
mean ± S.E.M. (n = 6 for each group, *P < 0.05, **P < 0.01 vs. the 
expression level of RT group). All experimental mice from six groups 
(RT and cold mice) were analyzed for correlation (n = 28–30)
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Depot‑specific correlations of NNMT protein level 
with browning markers under cold acclimation in vivo

To explore the potential role of NNMT in the energy 
metabolism during the beige adipogenesis, we examined 
the correlations of NNMT protein level with the browning 
markers UCP-1 and PGC-1α protein expressions in iBAT, 
sWAT, and eWAT (the protein expression levels of UCP-1 
was examined in our previous study [12]). We found sig-
nificant inverse correlations between NNMT and UCP-1 at 
protein level in sWAT, but not in iBAT or eWAT (Fig. 3A). 
As shown in Fig. 3B, there was also a remarkable nega-
tive correlation in NNMT and PGC-1α at protein level in 
sWAT. Interestingly, there was not a significant correlation 
between NNMT and PGC-1α at protein level in iBAT or 
eWAT. Moreover, PGC-1α acetylation level decreased sig-
nificantly at day 5 in iBAT, at day 4 and day 5 in sWAT, 
and at day 3 and day 5 in eWAT respectively(Fig. 3C A and 
D). Combined with the fact that cold exposure triggered an 
acute response of NNMT in iBAT, these observations sug-
gest that the role of NNMT in iBAT may not be regulated by 
the browning-related mitochondrial activation directly. How-
ever, at the same time, the expression of NNMT showed a 
negative correlation significantly with the browning markers 
in sWAT. This result indicated that NNMT plays an impor-
tant role in the energy metabolic homeostasis in sWAT dur-
ing browning.

Changes in the expression of NNMT and its related 
enzymes under CL316, 243 treatment in brown 
adipocyte (BA) and white adipocyte (WA)

In order to verify the effects of different intensity of cold 
exposure on the changes of NNMT and its related enzymes 
in different adipose tissues, we conducted the experiment 

on cultured adipocytes to observe their expression patterns 
under different doses of CL316, 243 treatment in vitro. 
In the present study, we provided clear evidences that the 
NAD + metabolism-related genes including Nnmt, Nampt, 
Nmnat1, Cyp2e1, and Nrk1 all expressed significantly lower 
after CL316, 243 treatment in WA without does independ-
ent manner. Still to our surprise, the mRNA level of Cd38 
decreased but showed no statistical difference after any 
dose of CL316, 243 treatment in WA. However, except for 
Nrk1, which is important to maintain NAD homeostasis and 
maintain tumor cell-line growth upon NAMPT inhibition, 
expressed significantly lower under 1.0 µM and 2.0 µM 
CL316, 243 in BA. The mRNA expression levels of other 
NAD + metabolism-related genes including Nnmt, Nmnat1, 
Nampt, Cyp2e1, and Cd38 were not observed obvious differ-
ence after CL316, 243 treatment in BA (Fig. 4A).

We further investigated the effects of different doses 
of CL316, 243 on the changes in the proteins NNMT and 
NAMPT in WA and BA. Unexpectedly, the expression level 
of NNMT was increased after the 2.0 µM CL316, 243 treat-
ment for 24 h. Moreover, no obvious difference has been 
observed in the protein of NAMPT in BA among the control 
and CL316, 243 treatment groups. While similar to their 
gene expression patterns, the proteins NNMT and NAMPT 
in WA dropped under 0.5 µM of CL316, 243 and then 
decreased persistently to a significant lower level at 2.0 µM 
CL316, 243 treatment (Fig. 4B and C). These expression 
profiles in WA and BA in response to different doses of 
CL316, 243 further reinforce the notion that the expression 
of NNMT and its related enzymes during the browning pro-
cess exhibits depot-specificity and relates with the process 
of beige adipogenesis. Moreover, we found the UCP-1 and 
PGC-1α protein level increased significantly both in BA and 
WA under any dose of CL316, 243 (Fig. 4B and C), which 
was consistent with the gene expression profile of that in our 
previous study [19].

Dynamic changes in the NAD + metabolism 
under CL316, 243 treatment in BA and WA

We further investigated whether the NAD + levels and acety-
lation status of BA and WA were changed after different 
doses of CL316, 243 treatment. It was observed that the 
NAD + concentration was not increased significantly until 
2.0 μM CL316, 243 treatment in BA, while it was increased 
significantly at any dose of the CL316, 243 treatment in WA 
(Fig. 5A). What’s more, we found that CL316, 243 treat-
ment induced a deacetylation both in BA and WA (Fig. 5B). 
The lysine acetylation in BA was decreased and showed 
significant difference under 2.0 μM CL316, 243. In con-
trast, the lysine acetylation in WA was decreased rapidly and 
showed significant difference under any dose of CL316, 243 
(Fig. 5C). This deacetylation level together with the changes 

Fig. 4   CL316, 243 treatment alters the expressions of NAD + metab-
olism-related enzymes in BA and WA. A Quantitative PCR analysis 
of NAD + metabolism-related enzymes gene expressions in cultured 
mice mature BA and WA after different doses of CL316, 243 (0 μM, 
0.5 μM, 1.0 μM, and 2.0 μM) treatment up to 24 h. The data show 
the fold changes of the expression for the target genes in BA and 
WA at vehicle groups. Values are mean ± S.E.M. from three inde-
pendent experiments with duplicate wells for each dose of the treat-
ment. The expression of genes is corrected for the housekeeping gene 
cyclophilin (*P < 0.05, **P < 0.01, ***P < 0.001 vs. the expression 
level of vehicle group). B Western blotting analysis for NAMPT, 
NNMT, UCP-1, and PGC-1α using total protein isolated from BA 
and WA after different doses of CL316, 243 (0 μM, 0.5 μM, 1.0 μM, 
and 2.0 μM) treatment up to 24  h (n = 3 independent experiments). 
C Quantification of Western blotting analysis. Protein content is 
expressed relative to the control and represents three independent 
experiments with triplicate observations in each experiment. Volume 
is the sum of all pixel intensities within a band. All data are normal-
ized to the total lane protein and are expressed as mean ± S.E.M. 
(**P < 0.01, ***P < 0.001 vs. the expression level of vehicle group)
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Fig. 5   CL316, 243 causes decreased global lysine acetylation among 
the adipocytes. A The NAD + levels in different adipocytes upon 
CL316, 243 treatment. B Global lysine acetylation was measured by 
Western blotting analyses in BA and WA (n = 3 independent experi-
ments). C Lane intensity was quantified and used to determine effects 

of CL316, 243 on lysine acetylation. Volume is the sum of all pixel 
intensities within a band. All data are normalized to the total lane 
protein and are expressed as mean ± S.E.M. (*P < 0.05, **P < 0.01, 
***P < 0.001 vs. the expression level of vehicle group)
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of the NAD + concentration also exhibited a depot-specific 
and dynamic manner after CL316, 243 treatment, indicating 
that the role of NAD + metabolism during the beige adipo-
genesis is various in different adipocytes.

Depot‑specific correlations of NNMT protein level 
with browning markers under CL316, 243 treatment 
in vitro

After figuring out the details of the depot-specific expression 
of NNMT and its related enzymes induced by CL316, 243 
treatment in vitro, we investigated the correlations of NNMT 
protein level with the browning markers UCP-1 and PGC-1α 
protein expression in WA and BA. As shown in Fig. 6A, it 
is clear that there was strong negative correlation between 
NNMT and UCP-1 after CL316, 243 treatment at protein 
level in WA. In contrast, NNMT level was found to be not 
correlated with UCP-1 protein expression in BA. As shown 
in Fig. 6B, there was a significant negative correlation in 
NNMT and PGC-1α protein level in WA, but not in BA. 
This result is consistent with the finding of the correlations 
in vivo, which further suggested that NNMT is a key regula-
tor in the balance of energy metabolism during the brown-
ing process in WAT but not BAT. The PGC-1α acetylation 
level decreased significantly under 2.0 μM of CL316, 243 
in BA while decreased in WA under any dose of CL316, 243 
(Fig. 6C and D). This result is consistent with the finding of 
the correlations in vivo, which further suggested that NNMT 
is a key regulator in the balance of energy metabolism dur-
ing the browning process in WAT but not BAT.

Discussion

Despite our better understanding of the pathophysiology of 
obesity, the strategy for obesity treatment is lagging [11]. 
As we all know, one potential contributing factor for obesity 
is mitochondrial dysfunction in adipocytes. Mitochondria 
are central organelles in energy metabolism, and many of 
the mitochondrial enzymatic pathways rely on the cata-
bolic oxidative reactions, which is dependent on the proper 
NAD + redox balance [5, 20, 39]. Notably, obesity is associ-
ated with disturbed adipose tissue NAD + homeostasis [22, 
24].

In recent years, beige adipogenesis is found to increase 
energy expenditure to overcome energy intake and may lead 
to a new direction for the treatment of obesity and metabolic 
syndrome [4]. Although steady progress has been made in 
mapping the browning of adipose tissues and clarifying the 
mechanism involved, the field is complex and still in its 
infancy. In our latest study, we demonstrated that hepatic 
NAD + /SIRT metabolism was induced during the “cold 
remodeling” phase and correlated with the decreasing 

lipogenic and increasing gluconeogenic gene expression, 
contributing to the maintenance of whole-body lipid and 
glucose homeostasis [34]. In addition, Yamaguchi et al. 
demonstrated that NAD + metabolism is essential for the 
thermogenesis in adipose tissue [37]. A master regulator for 
mitochondrial function, PGC-1α, coordinately upregulated 
the enzymes of the de novo NAD biosynthetic pathway from 
amino acids in a PGC-1α transgenic mouse model [32]. 
What’s more, it was demonstrated that PGC-1α knockout 
mice developed local deficiency of the NAD precursor niaci-
namide (NAM), and exogenous NAM improves their local 
low NAD levels and adipose tissue accumulation [8]. Here 
we observed that PGC-1α was upregulated and NAD + con-
tent was increased during the beige adipogenesis, which was 
consistent with previous study [2, 37]. What’s more, the 
global lysine acetylation was decreased, which reflect the 
NAD + accumulation in cells [9, 28, 31]. All these indicated 
that the preservation of adequate NAD + homeostasis is most 
likely essential for the browning of adipose tissue and the 
mitochondrial health of adipocyte.

As a clearance enzyme in the NAD + metabolism path-
way, NNMT showed depot-specific response to cold stimula-
tion in adipose tissues in this study. The expression of Nnmt 
mRNA in iBAT and eWAT was increased significantly in 
the early stage of the cold acclimation, suggesting that cold 
exposure triggered a significant stress response of NNMT 
in iBAT and eWAT. The protein expression of NNMT in 
iBAT and eWAT showed a tendency to rise first and then 
fall, while it was decreased gradually in sWAT, which might 
be attribute to the hysteresis of translation and the balance 
of NNMT among the different adipose tissues.

More recent researches have gradually revealed that 
excess nicotinamide could induce the toxic effect of meta-
bolic syndrome related by depleting methyl library free-
dom, influencing NAD-dependent enzymatic reaction, and 
triggering oxidative stress response [16]. Its toxic effects 
included impaired glucose tolerance, insulin resistance, 
elevated liver enzymes, steatosis induced, and fatty liver. 
Interestingly, we found that gene expression of key enzymes 
in the NAD + salvage biosynthesis pathway, like NAMPT, 
NMNAT1, and NRK1, were all decreased during the first 
2 days of cold exposure in eWAT. Another nicotinamide 
clearance enzyme, Cyp2e1, was decreased from day 2 to 
day 3. The weakened NAD + salvage pathway and nicoti-
namide clearance pathway may lead to the accumulation of 
nicotinamide in eWAT. Thus, our present findings indicated 
that NNMT was triggered to clean the extra nicotinamide in 
the “cold remodeling” phase to protect the toxic effects and 
fell to the resting state in the “cold adapted” phase in eWAT. 
After that, the expression of key enzymes in the NAD + sal-
vage biosynthesis pathway picked up and also the declined 
of Nnmt expression leading to the increased NAD + level at 
the “cold remodeling” phase in eWAT. Besides, Rudolphi 
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et al. showed that body weight predicts NNMT activity in 
eWAT, but not in sWAT or iBAT, as obesity develops [25]. 
Combined with the expression pattern of Nnmt in eWAT 
after cold treatment and the increased NAD + level during 
the cold exposure, it indicated the important role of NNMT 
in eWAT during the cold-induced browning of adipose 
tissues.

Moreover, the mRNA levels of enzymes involved in 
the NAD + salvage synthesis pathway, including Nmnat1, 
Nampt, and Nrk1 exhibited a rapid and sustained down-reg-
ulation throughout the whole process in sWAT, which can be 
attributed to the inflammation and oxidative stress and sup-
port the previous research findings [30]. Nevertheless, the 
expression patterns of Nmnat1, Nampt, Nrk1, and Cyp2e1 
were decreased significantly in the first 2 or 3 days and 
then climbed up back after. It was suggested the increased 
NAD + level might depend on the other synthetases or the 
de novo NAD + synthesis pathway, and this need to be con-
sidered in future studies.

For more than a decade, the lipolytic hydrolysis of triglyc-
erides in BAT has been considered essential for cold-induced 
non-shivering thermogenesis [3]. While a bit of a surprise, 
there was no significant change in the expression of rate-lim-
iting NAD biosynthesis enzymes, NAMPT and NMNAT1, 
in iBAT during the “cold remodeling” phase (day 1 to day 3) 
in this study. Consistently, Yamaguchi et al. recently showed 
that the brown adipocyte-specific Nampt knockout mice had 
normal thermogenic and lipolytic responses [37]. In addi-
tion, we performed the correlation analyses and found nega-
tive correlations between the protein expressions of NNMT 
and the browning markers UCP-1and PGC-1α in sWAT and 
WA, but not in iBAT or BA. We speculate that more NAM 
enters into NAD + synthesis through the salvage pathway to 
generate more NAD + in response to upregulation of UCP1 
and PGC-1α upon cold stimulation. As a result, less NAM 
needs to be methylated by NNMT, and negative correlation 
with thermogenesis markers was observed in the sWAT. All 
these suggested that iBAT might not be the target organ of 
the regulation of NAD-related lipolysis metabolism during 

the adipose tissue browning. This discovery is also sup-
ported by the study of Schreiber et al., which demonstrated 
that adipose triglyceride lipase-mediated lipolysis in BAT 
is not a prerequisite for cold-induced non-shivering thermo-
genesis in vivo [27]. Furthermore, Bruce Spiegelman et al. 
and other groups have identified the additional mechanisms 
for activating thermogenesis beyond UCP-1[6, 13], while 
recent studies have demonstrated that the adrenergic stimula-
tion of BA would result in acute fission of the mitochondrial 
network which is also implicated in thermogenesis [34, 35]. 
These alternative pathways for the generation of heat beyond 
BAT and UCP-1 might also explain our findings about the 
NAD + metabolism in iBAT after cold exposure.

Our studies also reveal that, similar to the expression pat-
tern of all the NAD + metabolism-related genes in sWAT, 
their mRNA levels decreased significantly after CL316, 
243 treatment in WA. Moreover, the expression of NNMT 
showed strong negative correlations with both UCP-1 and 
PGC-1α in WA, which were similar to the results of that 
in vivo, suggesting that Nnmt is a robust regulated gene in 
response to energy balance challenge during beige adipogen-
esis. These results essentially accorded with our finding of 
time course of the beige adipogenesis [13], which suggested 
that NAD + metabolism may exert a depot-specific effect on 
the energy metabolism among the adipose tissues.

However, Yamaguchi et al. found that NAMPT levels 
in BAT were increased [37], while Benzi et al. found that 
CD38 levels were decreased significantly in BAT and WAT 
after cold exposure [2]. In contrast, we did not find these 
changes in our animals during cold exposure. An explana-
tion for these conflicting data should be the difference in 
housing temperature, as well as the different time lengths 
of cold exposure.

Conclusion

Based on the current finding demonstrated here, we are 
closer to understanding the complex mechanism behind 
browning-associated regulation of NNMT. In conclusion, 
the browning process alters the NNMT expression in adi-
pose tissues with depot specificity dynamically. In sWAT, 
the expression of NNMT decreased significantly and showed 
negative correlation with browning markers during the cold 
treatment. In eWAT, this key enzyme in NAD + clearance 
pathway was stimulated after 2 and 3 days of cold exposure 
and then returned to control levels by day 4. This key time 
coincided exactly with a “cold remodeling” phase (days 1–3) 
of the cold-induced transformation process [14]. While in 
iBAT, NNMT expression increased first then declined to 
basal line but exhibited no correlation with UCP-1 and 
PGC-1α after the cold exposure. To sum up, NNMT in 
WAT is more responsive to cold exposure than in BAT, and 

Fig. 6   NNMT protein expression negatively correlates with brown-
ing marker expression in WA but not in BA in vitro. Partial regres-
sion plots of NNMT protein expression with relative expression of 
browning marker genes A Ucp-1 protein and B PGC-1α protein in 
BA and WA under different doses of CL316, 243 treatment, respec-
tively. C Western blotting analysis for PGC-1α deacetylation using 
Immunoprecipitation. D Quantification of Western blotting analysis 
for PGC-1α deacetylation. Protein content is expressed relative to 
the control and represents three independent experiments with tripli-
cate observations in each experiment. Volume is the sum of all pixel 
intensities within a band. All data are normalized to the total lane 
protein and are expressed as mean ± S.E.M. (*P < 0.05, **P < 0.01, 
***P < 0.001 vs. the expression level of vehicle group). All experi-
mental adipocytes from four groups (vehicle and CL316, 243 groups) 
were analyzed for correlation (n = 15–16)
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NNMT may contribute to the process of beige adipogenesis 
in a depot-specific manner.
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