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Abstract: The NAD-dependent deacetylase SIRT1 improves β cell function. Accordingly, nicoti-
namide mononucleotide (NMN), the product of the rate-limiting step in NAD synthesis, prevents β
cell dysfunction and glucose intolerance in mice fed a high-fat diet. The current study was performed
to assess the effects of NMN on β cell dysfunction and glucose intolerance that are caused specifically
by increased circulating free fatty acids (FFAs). NMN was intravenously infused, with or without
oleate, in C57BL/6J mice over a 48-h-period to elevate intracellular NAD levels and consequently
increase SIRT1 activity. Administration of NMN in the context of elevated plasma FFA levels consid-
erably improved glucose tolerance. This was due not only to partial protection from FFA-induced β

cell dysfunction but also, unexpectedly, to a significant decrease in insulin clearance. However, in
conditions of normal FFA levels, NMN impaired glucose tolerance due to decreased β cell function.
The presence of this dual action of NMN suggests caution in its proposed therapeutic use in humans.

Keywords: type 2 diabetes; insulin resistance; insulin clearance; SIRTs; glucose tolerance; free
fatty acids

1. Introduction

Type 2 diabetes mellitus (T2DM) is a growing health concern worldwide, in parallel to
increased incidences of obesity. It is associated with insulin resistance in combination with
decreased secretory pancreatic β cell function (i.e., decreased ability of β cells to compensate
for insulin resistance). In overweight and obese individuals, who represent ~90% of T2DM
patients [1], insulin resistance is partly caused by elevated levels of circulating free fatty
acids (FFAs).
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In addition to increased insulin secretion, decreased insulin clearance also results
in elevation of circulating insulin levels to contribute to the compensation for insulin
resistance. Secreted insulin is cleared mainly by hepatocytes through endocytosis of the
insulin-insulin receptor complex [2] and, to a lesser extent, by the kidney [3].

SIRT1 is an NAD-dependent protein deacetylase that improves glucose tolerance by
increasing insulin secretion and sensitivity [4]. Our laboratory investigated the protective
effect of SIRT1 on β cells in the context of high plasma FFA levels in vivo. We found that
intravenous co-infusion of resveratrol (a SIRT1 activator [5]) partially protected against
β cell dysfunction induced by a 48 h intravenous oleate infusion. We also found that
β cell-specific sirtuin 1-overexpressing (BESTO) transgenic mice are partially protected
against oleate-induced β cell dysfunction in vivo [6].

C57BL/6J mice fed a high-fat diet displayed impairment of NAD biosynthesis, de-
creased SIRT1 activity, and diabetes [7]. Administration of NMN, the rate-limiting inter-
mediate in NAD biosynthesis, restored normal tissue NAD levels and increased glucose-
stimulated insulin secretion (GSIS) and glucose tolerance in diet-induced diabetes in
mice [7]. NMN is also being investigated as a therapeutic modality against diabetes-related
disorders in multiple clinical trials [8–10].

NMN administration avoids the non-specific antioxidant effects, which are characteris-
tic of resveratrol infusion, as well as the high, non-physiological levels of SIRT1 expression
exhibited by the BESTO model used in our previous study [6]. Based on this study and on
the adverse effects of a high-fat diet on NAD biosynthesis and SIRT1 activity [7], we hy-
pothesized that increased SIRT1 activity by NMN administration counters oleate-induced
β cell dysfunction in vivo. The current studies were carried out to test this hypothesis.
To this end, we infused oleate (OLE) or saline (SAL) with or without NMN intravenously
for 48 h before performing a hyperglycemic clamp to evaluate β cell function and overall
glucose and insulin metabolism.

2. Results

At the end of the 48-h IV infusion prior to the hyperglycemic clamp (time −20 to 0 min),
glycemia was slightly lower in the NMN + OLE group, compared with the SAL and NMN
groups, and in the OLE group, compared with the NMN group (Figure 1A). Starting from
time = 0, blood glucose levels were elevated by glucose infusion to a steady-state level
that was similar between all groups (~22 mM). There was no significant difference in
glycemia among the groups during the last 30 min of the hyperglycemic clamp. However,
the average glycemic levels in the NMN + OLE group during the entire clamp period
(0–120 min) were lower than those of the individual OLE and NMN groups. This occurred
despite the fact that the NMN + OLE group was intravenously infused with glucose at a
significantly higher rate than all of the other groups (Figure 1B).

The glucose infusion rate (GINF) required to maintain hyperglycemia is a reflection of
glucose tolerance. As expected, the GINF required to maintain steady-state hyperglycemia
during the last 30 min of the clamp was significantly lower in the OLE- than the SAL-
treated group (Figure 1B). Remarkably, mice co-infused with NMN + OLE had a substantial
increase in GINF, compared with the OLE and the SAL groups. Interestingly, infusing
NMN in the absence of elevated FFA resulted in a significant decrease in GINF relative to
SAL infusion (Figure 1B).

Plasma insulin levels were similar between the SAL, OLE, and NMN groups prior to
intravenous glucose infusion and during the hyperglycemic clamp (Figure 1C). At basal
glycemia, the plasma concentration of insulin was significantly higher in the NMN + OLE
group, compared with the SAL group (Figure 1C). Under hyperglycemic clamp conditions,
plasma insulin levels rose in the NMN + OLE group by ≥2-fold relative to the other
groups (Figure 1C). At basal glycemia, plasma C-peptide levels, although not statistically
different, tended to be lower in the OLE and NMN + OLE groups relative to the SAL
group. (Figure 1D). During the hyperglycemic clamp, the NMN + OLE group manifested
significantly greater C-peptide levels, compared with the OLE and NMN groups. However,
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this increase in C-peptide levels was not proportional to the increase in insulin levels in the
NMN + OLE group, compared with the other groups.
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Figure 1. (A) Plasma glucose levels in mice infused intravenously with 37.5% glucose during hyperglycemic clamp. (B) 
Glucose infusion rate (GINF) required to obtain and maintain hyperglycemia. (C) Plasma insulin levels and (D) Plasma 
C-peptide levels prior to intravenous glucose infusion (basal period) and during the last 30 min of the clamp. C57BL/6J 
mice were intravenously infused for 48 h with SAL, OLE (0.4 μmol/min), NMN (0.025 mg·kg−1·min−1) + OLE, or NMN 
alone. These infusions were maintained during the hyperglycemic clamp. Data are means ± SE. Number in parentheses 
represents number of animals. * p < 0.05, SAL vs. OLE; ¶ p < 0.05, SAL vs. NMN + OLE; # p < 0.05, SAL vs. NMN; † p < 0.05, 
OLE vs. NMN + OLE; ‡ p < 0.05, NMN + OLE vs. NMN; ¥ p < 0.05, OLE vs. NMN. 
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ance Index ([C-peptide]/[Insulin]), compared with SAL. In contrast, during clamped hy-
perglycemia, OLE infusion resulted in a significant decrease in insulin clearance, com-
pared with SAL infusion (Figure 2A). Interestingly, the co-infusion of NMN + OLE re-
sulted in a significant decrease in insulin clearance during basal glycemia and 

Figure 1. (A) Plasma glucose levels in mice infused intravenously with 37.5% glucose during hyperglycemic clamp.
(B) Glucose infusion rate (GINF) required to obtain and maintain hyperglycemia. (C) Plasma insulin levels and (D) Plasma
C-peptide levels prior to intravenous glucose infusion (basal period) and during the last 30 min of the clamp. C57BL/6J
mice were intravenously infused for 48 h with SAL, OLE (0.4 µmol/min), NMN (0.025 mg·kg−1·min−1) + OLE, or NMN
alone. These infusions were maintained during the hyperglycemic clamp. Data are means ± SE. Number in parentheses
represents number of animals. * p < 0.05, SAL vs. OLE; ¶ p < 0.05, SAL vs. NMN + OLE; # p < 0.05, SAL vs. NMN; † p < 0.05,
OLE vs. NMN + OLE; ‡ p < 0.05, NMN + OLE vs. NMN; ¥ p < 0.05, OLE vs. NMN.

As expected from our previous studies [12,13], OLE infusion significantly decreased
β cell function, i.e., the Disposition Index (DI), compared with SAL infusion (Figure 2C).
NMN + OLE co-infusion did not significantly alter the DI relative to SAL and OLE individ-
ual infusions. Hence, NMN + OLE co-infusion resulted in an intermediate DI, suggesting
partial protection from FFA-induced β cell dysfunction. The hypothesis that β cell function
is improved by NMN in the context of elevated plasma levels of FFA is supported by
the significantly higher C-peptide levels (indicator of absolute insulin secretion) in the
NMN + OLE group, compared with the OLE group. Mice infused with NMN in the ab-
sence of elevated FFA levels exhibited a significantly lower DI, compared with the SAL
group (Figure 2C).

During basal glycemia, OLE infusion did not significantly decrease the Insulin Clear-
ance Index ([C-peptide]/[Insulin]), compared with SAL. In contrast, during clamped
hyperglycemia, OLE infusion resulted in a significant decrease in insulin clearance, com-
pared with SAL infusion (Figure 2A). Interestingly, the co-infusion of NMN + OLE resulted
in a significant decrease in insulin clearance during basal glycemia and hyperglycemia,
compared with SAL infusion. This demonstrated that NMN amplified the oleate-induced
decrease in insulin clearance. As expected, oleate infusion resulted in a significant decrease
in the Insulin Sensitivity Index (M/I), compared with SAL infusion (Figure 2B). NMN
infusion with or without OLE did not significantly alter insulin sensitivity, compared with
the OLE and SAL groups. This is unlike our previous studies with resveratrol which
prevented fat-induced insulin resistance [11].
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Figure 2. (A) Insulin Clearance Index (steady-state C-peptide/insulin molar ratio) prior to intravenous glucose infusion
(basal period) and during the last 30 min of the clamp. (B) Insulin Sensitivity Index (M/I, µmol·kg−1·min−1 glucose
infusion per pM insulin) and (C) Disposition Index (units = C-peptide in pM multiplied by SI) during the last 30 min
of the clamp. (D) Plasma FFA levels during the basal period and during the last 30 min of the clamp. C57BL/6J mice
were intravenously infused for 48 h with SAL, OLE (0.4 µmol/min), NMN (0.025 mg·kg−1·min−1) + OLE, or NMN alone.
These infusions were maintained during hyperglycemic clamps. Data are means ± SE. Number in parentheses represents
number of animals. * p < 0.05, SAL vs. OLE; ¶ p < 0.05, SAL vs. NMN + OLE; # p < 0.05, SAL vs. NMN; † p < 0.05, OLE vs.
NMN + OLE; ‡ p < 0.05, NMN + OLE vs. NMN; ¥ p < 0.05, OLE vs. NMN.

OLE infusion caused a 1.5 to 2-fold elevation of plasma FFA levels, compared with
SAL infusion (Figure 2D). Consistent with previous findings [7], co-infusion of NMN
significantly lowered plasma FFA levels, compared with OLE alone, and individual NMN
infusion had a similar trend compared with SAL. At the end of the hyperglycemic clamp,
plasma FFA levels in all groups were moderately lower than their pre-clamp levels, owing to
hyperinsulinemia-driven increase in FFA esterification and reduced lipolysis by adipocytes.
Consistently, the NMN + OLE group showed the greatest decrease in plasma FFA levels
(Figure 2D) in parallel to its higher plasma insulin levels than the other groups (Figure 1C).
NMN infusion caused an increase in hepatic NAD+ levels NMN + OLE infusion increased
NAD+/NADH ratio, partly due to a decrease in NADH levels (Supplementary Table S1).

Since we unexpectedly found a decrease in insulin clearance in the NMN + OLE versus
the OLE group, and in light of our previous finding that FFAs decrease the expression of
CEACAM1 [14] that plays a key role in hepatic insulin clearance [14,15], we then assessed
hepatic CEACAM1 protein levels by Western blot analysis. As depicted in Figure 3,
CEACAM1 protein expression was significantly lower in the livers of mice treated with
NMN + OLE than those treated with SAL.

To investigate the mechanism(s) underlying the reduction in CEACAM1, we over-
expressed SIRT1 in HepG2 human hepatoma cells via adenoviral-mediated delivery. As
Table 1 shows, this did not alter CEACAM1 mRNA levels. Because NMN activates other
SIRTs, such as SIRT2 that activates FOXO-1 [16], which, in turn, transcriptionally represses
CEACAM1 expression [17], we next investigated the effect of adenoviral-mediated overex-
pression of SIRT2 in HepG2. Unexpectedly, SIRT2 overexpression increased CEACAM1
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mRNA levels by 50%), whereas the SIRT inhibitor sirtinol (predominantly a SIRT2 inhibitor)
markedly decreased CEACAM1 mRNA levels (Table 1).
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Figure 3. Western Blot analysis of hepatic CEACAM1 protein levels. Mice were infused for 48 h
with SAL, OLE, NMN + OLE, or NMN before livers were extracted and 7 µg of protein lysates were
analyzed by 7% SDS-PAGE followed by immunoblotting (Ib) the upper half of the membrane with a
polyclonal antibody against α-CEACAM1 (1:500, Ab-2457) and the lower half with a monoclonal
antibody against Tubulin (as a loading control). (A) A representative blot is shown. (B) Protein
band density was quantified using Image J. Data are means ± SE. Number in parentheses represents
number of animals. ¶ p < 0.05, SAL vs. NMN + OLE; ‡ p < 0.05, NMN + OLE vs. NMN.

Table 1. Effect of adenovirus-mediated overexpression of: (A) SIRT1 (B) SIRT2 and (C) SIRT inhibitor sirtinol on hepatic
CEACAM1 mRNA levels in HepG2 cells. mRNA levels were assessed in triplicate/transfection and normalized to human
Gapdh gene. Data are means ± SE. * p < 0.05 and ** p < 0.01.

(A)

Ad-Control Ad-Sirt1

Sirt1 mRNA <0.01 0.63 ± 0.07 **

Ceacam1 mRNA 1.66 ± 0.19 1.47 ± 0.21

(B)

Ad-Control Ad-Sirt2

Sirt2 mRNA 1.03 ± 0.02 20.97 ± 3.62 **

Ceacam1 mRNA 0.99 ± 0.03 1.81 ± 0.07 *

(C)

Ad-Control Ad-Control + Sirtinol

Sirt2 mRNA 1.11 ± 0.05 1.25 ± 0.20

Ceacam1 mRNA 1.02 ± 0.03 0.35 ± 0.04 **
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We then tested whether SIRT2 inhibitors might have been produced in vivo by NMN
metabolism to, in turn, reduce CEACAM1 expression. In concert with this hypothesis, the
serum concentration of the pan-SIRT inhibitor nicotinamide was increased by two-fold
following 48 h intravenous infusion of NMN (Figure 4A).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 18 
 

 

Table 1. Effect of adenovirus-mediated overexpression of: (A) SIRT1 (B) SIRT2 and (C) SIRT inhib-
itor sirtinol on hepatic CEACAM1 mRNA levels in HepG2 cells. mRNA levels were assessed in 
triplicate/transfection and normalized to human Gapdh gene. Data are means ± SE. * p < 0.05 and ** 
p < 0.01. 

(A) 
 Ad-Control Ad-Sirt1 

Sirt1 mRNA <0.01 0.63 ± 0.07 ** 
Ceacam1 mRNA 1.66 ± 0.19 1.47 ± 0.21 

(B) 
 Ad-Control Ad-Sirt2 

Sirt2 mRNA 1.03 ± 0.02 20.97 ± 3.62 ** 
Ceacam1 mRNA 0.99 ± 0.03 1.81 ± 0.07 * 

(C) 
 Ad-Control Ad-Control + Sirtinol 

Sirt2 mRNA 1.11 ± 0.05 1.25 ± 0.20 
Ceacam1 mRNA 1.02 ± 0.03 0.35 ± 0.04 ** 

We then tested whether SIRT2 inhibitors might have been produced in vivo by NMN 
metabolism to, in turn, reduce CEACAM1 expression. In concert with this hypothesis, the 
serum concentration of the pan-SIRT inhibitor nicotinamide was increased by two-fold 
following 48 h intravenous infusion of NMN (Figure 4A). 

 

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 18 
 

 

 
Figure 4. (A) Serum nicotinamide levels in mice after 48 h infusion. C57BL/6J mice were intrave-
nously infused for 48 h with SAL, OLE (0.4 μmol/min), NMN (0.025 mg·kg−1·min−1) + OLE, or NMN 
alone. Data are means ± SE. Number in parentheses represents number of animals. ¶ p < 0.05, SAL 
vs. NMN + OLE; # p < 0.05, SAL vs. NMN. Western Blot analysis of: (B) JNK phosphorylation and 
(C) IRS serine 307 phosphorylation in the livers of mice treated as described in Figure 4a. 

Because CEACAM1 and insulin clearance were decreased in mice only when NMN 
was co-infused with oleate, but not when NMN was infused individually, we further hy-
pothesized that oleate may have accentuated the inhibitory effect of nicotinamide on 
SIRT2, which in turn would have resulted in decreased CEACAM1 and insulin clearance. 
However, the liver expression of SIRT2 was reduced by NMN but not by NMN + OLE, 
whereas SIRT1 expression was unchanged (Figure 5A,B). 

 

Figure 4. (A) Serum nicotinamide levels in mice after 48 h infusion. C57BL/6J mice were intra-
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Because CEACAM1 and insulin clearance were decreased in mice only when NMN
was co-infused with oleate, but not when NMN was infused individually, we further
hypothesized that oleate may have accentuated the inhibitory effect of nicotinamide on
SIRT2, which in turn would have resulted in decreased CEACAM1 and insulin clearance.
However, the liver expression of SIRT2 was reduced by NMN but not by NMN + OLE,
whereas SIRT1 expression was unchanged (Figure 5A,B).
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FFA effect to decrease Ceacam1 transcription is PPARα-mediated [18], therefore we
assessed markers of PPARα activity. We found that the mRNA level of Cpt1, a transcrip-
tional target of PPARα, was increased by oleate, irrespective of NMN (Figure 6C), but
other PPARα target genes, such as Acox1 and Aco1 appeared to be upregulated by NMN
(Figure 5D,E), in accordance with increased SIRT1 activity deacetylating PGC-1α. We
initially hypothesized that, similarly, NMN may have accentuated the effect of PPARα on
Ceacam1 transcription via PGC-1α activation by SIRT1. However, we did not observe any
reduction in insulin clearance when the SIRT1 activator resveratrol was co- infused with
oleate in rats [6], Furthermore, as described above, SIRT1 overexpression did not decrease
Ceacam1 mRNA in HepG2 cells whereas sirtinol, a SIRT2 inhibitor, did.

A possible synergism between low SIRT2 and oleate is at the level of oxidative stress.
SIRT2 is known to reduce oxidative stress [19], although it has also been reported to increase
it via activating JNK by deacetylation [20]. JNK can increase CEACAM1 transcription via
AP-1 [21]. Therefore, we assessed JNK activation in our liver samples. However, we did
not find any significant difference in JNK phosphorylation (marker of activation) among
groups (Figure 4B).
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We have previously shown that infusing Intralipid, a triglyceride emulsion, for 7 h
induced oxidative stress and decreased CEACAM1 levels in rats, and that this effect was
prevented by treatment with the anti-oxidant N-acetyl-L-cysteine [14]. In the present study,
Nox1 and Nox4, which are oxidative stress inducing genes, were upregulated to a greater
extent in the NMN + OLE group relative to the other groups (Figure 5F,G). Thus, oleate
and low SIRT2 could have synergized at the level of oxidative stress to trigger repression
of CEACAM1 transcription in several ways. Oxidative stress could impair insulin action,
which would in turn downregulate CEACAM1 transcription [14,21]. In our previous study,
7 h infusion of Intralipid increased serine phosphorylation of IRS in the liver, a marker
of hepatic insulin resistance [14]. In the present study, serine phosphorylation of IRS did
not differ among groups (Figure 4C), in accordance with our previous studies where 48 h
infusion of Intralipid showed hepatic insulin resistance despite unchanged IRS serine
phosphorylation [22]. In addition to causing insulin resistance, oxidative stress could
induce HIF-1α and HIF-2α [23], as shown by the preferential increase in the mRNA levels
of these transcription factors in the NMN + OLE group (Figure 5H,I). HIFs, in particular
HIF-2α, could downregulate CEACAM1 expression in hepatocytes [24].

Since hyperinsulinemia and reduced hepatic CEACAM1 can induce hepatic steatosis,
thereby potentially amplifying the effect of oleate [25–27], we assessed hepatic fat content
using oil-red-O staining. As Supplementary Figure S1 shows, oleate tended to increase
hepatic fat accumulation, but this was not significantly amplified by NMN co-infusion.
Lastly, the hepatic mRNA levels of the lipogenesis gene FAS did not differ among treatments
(Supplementary Figure S2). OLE suppressed SREBP-1c mRNA, but this was restored by
NMN + OLE, which could be attributed to hyperinsulinemia. Similarly, mRNA levels of the
gluconeogenic gene Pepck were increased in both OLE and NMN, but not in NMN + OLE,
also likely due to the hyperinsulinemia caused by decreased insulin clearance. The mRNA
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of insulin receptor and insulin degrading enzyme (IDE), which are also involved in the
regulation of insulin clearance, did not differ among treatments (Supplementary Figure S2).

Similar to our findings about insulin clearance, we observed a discrepancy between
the present study and our previous study also with regard to β cell function in vivo (DI).
Unlike our present finding in NMN-infused mice, our previous studies did not detect
a decrease in DI in rats infused with the SIRT1 activator resveratrol alone (i.e., in the
absence of oleate) or in saline-infused BESTO mice. Thus, we hypothesized that, similar to
insulin clearance, NMN infusion causes its effect on β cell function through nicotinamide.
To further investigate the effect of NMN infusion on β cells in the presence and absence of
oleate, we performed immunohistochemical staining of the pancreas collected at the end of
the hyperglycemic clamp. FOXO-1 staining was markedly increased by oleate (Figure 6A,B)
and PDX-1 staining was inversely decreased (Figure 6C,D). NMN co-infusion normalized
FOXO-1 staining and partially normalized PDX-1 staining. In the NMN-infused group,
PDX-1 staining tended to be lower than control despite a lower FOXO-1 staining than
control. Hence, the profile of PDX-1 staining in the four infusion groups was similar to that
of DI (i.e., β cell function in vivo).

3. Discussion

Our hyperglycemic clamp analysis demonstrates that in C57BL/6J mice, NMN admin-
istration substantially improves glucose tolerance in the context of elevated plasma FFA
levels due not only to improved β cell function, but also unexpectedly to decreased insulin
clearance. This is opposite to the effect of NMN at normal plasma FFA levels, when NMN
decreases glucose tolerance due to impaired β cell function. The mechanisms behind the
dual effects of NMN are not clear. Nevertheless, there are several possibilities that may
explain these results.

Insulin clearance occurs mainly in hepatocytes, largely mediated by CEACAM1-
dependent insulin-insulin receptor complex endocytosis. Insulin clearance is known to
be compromised by elevated plasma FFA levels and liver fat content [28–30]. Long-chain
FFAs, such as oleate, are activating ligands of PPARα [31], which is highly expressed in the
liver and, when activated, decreases CEACAM1 transcription [18,32]. Nevertheless, the
current studies show impairment of insulin clearance by NMN + OLE co-infusion relative
to individual OLE infusion despite eliciting significantly lower plasma FFA levels than in
the OLE-treated group. The mechanism of the FFA reduction by co-infusing with NMN
could implicate increased muscle fatty acid β-oxidation induced by PGC-1α [4,33], which
is in turn activated by SIRT1-mediated deacetylation [4,34].

The substantial decrease in insulin clearance in the NMN + OLE relative to the OLE
group could be attributed to the stronger lowering effect of the combination treatment
on CEACAM1 expression. NMN administration increases NAD+ availability, which
consequently upregulates SIRT1 activity [7,35]. NAD+ or NAD + /NADH increased
in NMN infused mice and some SIRT1/ PGC-1α target genes (ACOX1 and ACO1) were
upregulated. By deacetylating PGC-1α, SIRT1 could synergize with FFA-stimulated PPARα.
Also, SIRT1 can activate FOXO1, which in turn can decrease CEACAM1 transcription [17].
Thus, NMN + OLE treatment could reduce CEACAM1 expression by increasing SIRT1
activity. However, we did not see any effect on insulin clearance in our previous study
with the SIRT1 activator resveratrol [6]. The present findings in HepG2 cells suggest that
the effect of NMN on insulin clearance is SIRT1-independent.

NMN, unlike resveratrol, can activate other SIRTs and indeed also SIRT2 can acti-
vate FOXO-1 [16]. However, Sirt2 overexpression did not decrease but rather increased
CEACAM1 expression by 50% in HepG2 cells while sirtinol, which predominantly inhibits
SIRT2, markedly decreased it. We hypothesized that SIRT inhibitors could be produced by
NMN metabolism in the liver [36], as supported by the ~2-fold rise in plasma nicotinamide
in NMN infused mice.

The mechanism whereby nicotinamide inhibition of SIRT2 could have affected insulin
clearance remains to be investigated; however, sirtinol [37] and other SIRT2 inhibitors [38]
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exert anti-inflammatory effects, while SIRT2 may activate JNK via deacetylation [20,39].
JNK has been reported to increase [21] or decrease, CEACAM1 transcription [40]. In the
present study, we could not detect any change in JNK activation in our treatment groups.

Since CEACAM1 and insulin clearance decreased significantly only in the NMN + OLE
group, the effect of nicotinamide likely amplified the known inhibitory effect of FFA. Our
qPCR results suggest that the possible synergism between low SIRT2 and FFA was at
the level of oxidative stress, via 1) reduced insulin signaling, and/or via 2) upregulating
HIF-1α/2α in the liver, which would in turn repress CEACAM1 expression in hepato-
cytes [24]. Unfortunately, we did not have clamp samples left to confirm impaired hepatic
insulin signaling (Akt or FOXO1 phosphorylation) by Western blots in insulin stimulated
conditions. We assessed serine phosphorylation of IRS1 in basal samples (as appropriate
because of insulin stimulation of serine phosphorylation of IRS via MAPK and the mTOR
pathway), and we could not find differences among treatments. This does not exclude the
possibility of impaired insulin signaling as after 48 h fat infusion we have previously shown
impairment of liver Akt phosphorylation associated with hepatic insulin resistance in the
absence of changes in serine phosphorylation of IRS [22]. Regardless of its mechanism,
reduced insulin clearance, in addition to substantially improving glucose tolerance, may
relieve β cell overload in overcoming insulin resistance and thus prolong β cell function.

With regard to the β cell, we previously found that the SIRT1 activator resveratrol
and β cell-specific overexpression of SIRT1 prevented the adverse effect of oleate on β cell
function [6]. In the present study, NMN co-infusion partially prevented OLE-induced β-cell
dysfunction in accordance with the previous study, although we cannot exclude that the
reduction in plasma FFA levels partly contributed to the amelioration of FFA-induced β cell
dysfunction in the NMN + OLE group. Notably, the Disposition Index of the NMN + OLE
group could have been higher than reported had insulin secretion not been suppressed by
hyperinsulinemia (caused by decreased insulin clearance).

We have previously found that inflammation plays an important role in FFA-induced
β cell dysfunction [12] and we have shown that anti-inflammatory IKKβ inhibitors im-
prove β cell function while decreasing oleate induced IRS-1 serine phosphorylation and
this, possibly, upregulates the insulin signaling cascade in β cells [12]. We (unpublished)
and others [41] have obtained evidence implicating β cell insulin resistance in lipotoxic-
ity. The increased expression of FOXO-1 observed in the present study with oleate is in
accordance with impairment of β cell insulin signaling induced by oleate which results in
nuclear translocation and impaired cytosolic degradation of FOXO-1. The consequence is
decreased expression of PDX-1 [42]. The protective effect of SIRT1 on β cell function has
been in part attributed to its anti-inflammatory effect via NF-κB deacetylation [43]. Thus, it
is not surprising that NMN improved β cell function in the presence of oleate in parallel
with reduced FOXO-1 and associated increase in PDX-1 expression.

Intriguingly, NMN infusion in the presence of normal plasma FFA levels significantly
decreased the Disposition Index, compared with the SAL group. Consistent with our
results, a decrease in glucose tolerance and insulin secretion after NMN administration in
male mice fed a regular diet has been reported [44]. This decrease in β cell function was
not observed in our previous study with resveratrol alone or in the BESTO mouse and
may therefore not be attributed to SIRT1 activation. We speculate that it could be caused
by nicotinamide elevation. Whereas nicotinamide protects β cells against the adverse
effect of streptozotocin [45,46], it has also been shown to impair insulin secretion [47,48].
Whether SIRT2 plays a role in β cell function and insulin secretion has not been investigated;
however, it has been reported to increase glucokinase activity in the liver via glucokinase
regulatory protein deacetylation [49]. Thus, glucokinase inhibition by nicotinamide in
β cells could explain the decrease in DI in the NMN group. Intriguingly, PDX-1 tended
to be reduced in this group relative to controls. The effect of SIRT2 on PDX-1 is not
known, however SIRT1 has been reported to increase PDX-1 transcription via FOXA-2
deacetylation [50]. Thus, nicotinamide could have acted as a SIRT1 inhibitor or as a SIRT2
inhibitor if SIRT2 has the same effect as SIRT1 on FOXA-2.
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Together, decreased insulin clearance and improved β cell function resulted in high
insulin levels in the NMN + OLE group during the hyperglycemic clamp. The >2-fold
elevation of plasma insulin levels in the clamped NMN + OLE group caused a substantial
improvement in glucose tolerance although oleate-induced insulin resistance was not
ameliorated. The lack of improvement of oleate-induced insulin resistance by NMN was
unexpected in light of our previous observations with resveratrol [11]. Nevertheless,
this discrepancy may be attributed to hyperinsulinemia as well as SIRT2 inhibition by
nicotinamide [51].

Hyperinsulinemia caused by decreased insulin clearance may result in secondary insulin
resistance via the downregulation of insulin receptors in hepatocytes [52]. Global and liver-
specific CEACAM1 null mice, and the liver-specific dominant-negative phosphorylation-
defective S503A CEACAM1 (L-SACC1) mutants develop secondary insulin resistance
due to chronic hyperinsulinemia [15,26,52,53]. Hyperinsulinemia can also upregulate
hepatic lipogenesis via the insulin-Akt-mTOR signaling pathway, which can contribute to
hepatic steatosis and a further decrease in insulin clearance [27]. In addition, decreased
hepatic CEACAM1 levels can attenuate the acute CEACAM1-mediated suppression of
fatty acid synthase activity by insulin [25]. Combined, reduced hepatic CEACAM1 and
hyperinsulinemia can cause hepatic steatosis. However, in the present study there was no
significant amplification of hepatic steatosis in the NMN + OLE group, perhaps because
this would require a more prolonged sustained hyperinsulinemic state.

This study has limitations as the ratio of C-peptide to insulin levels during hyper-
glycemic clamp is an index of insulin clearance that requires a relatively steady-state insulin
secretion [54]. In addition, the hyperglycemic clamp is not the gold-standard method of
assessing insulin sensitivity because of the non-linearity of insulin action with respect to
plasma insulin levels. The hyperglycemic clamp was used in this study to investigate
potential changes in β cell function.

In summary, we obtained unexpected but interesting findings that may be explained
by differential effects of NMN and NMN metabolites on SIRT activation. These findings
raise the question of possible untoward effects of NMN administration in humans, in
light of recent findings of elevated plasma nicotinamide metabolites after oral NMN
administration in healthy Japanese men [55].

In conclusion, our study provides evidence that NMN administration in the presence
of elevated plasma levels of FFA, as in obesity or type 2 diabetes, results in substantially
improved glucose tolerance by significantly decreasing insulin clearance and partially
protecting against FFA-induced β cell dysfunction in vivo. However, in the presence of
normal FFA levels, NMN administration does not affect insulin clearance and significantly
reduces β cell function. These findings are of potential clinical relevance as they suggest
caution in the proposed therapeutic use of NMN.

4. Materials and Methods
4.1. Animal Models

Male C57BL/6J mice obtained from Jackson Labs were housed in the Division of
Comparative Medicine at the University of Toronto, under a 12 h light/dark cycle. All mice
were fed a rodent diet consisting of 25% protein (% of energy), 58% carbohydrate, and 17%
fat (LM-485, Harland Teklad Global Diets, Madison, WI, USA).

4.2. Mouse Cannulation Surgery

All procedures were performed in accordance with the Canadian Council of Animal
Care Standards and were approved by the Animal Care Committee of the Division of
Comparative Medicine of the University of Toronto. Under isoflurane anesthesia, 11–12 wk
old mice underwent jugular vein cannulation surgery, as previously described [12,13].
Post-surgery, cannulated mice were housed individually and provided with a recovery
period of 3–5 days before intravenous infusions.
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4.3. Intravenous Infusion of Mice with NMN and Oleate

Mice were randomized to 48 h intravenous infusions with: saline (SAL), oleate (OLE;
0.4 µmol/min), NMN + OLE (0.025 mg/kg body weight/min of NMN, based on dosage
used in previous studies [7,44]), or NMN alone. OLE was infused while bound to bovine
serum albumin (BSA), according to the Bezman-Tarcher method [56], at a dose that ele-
vates plasma FFA levels by 1.5–2-fold, simulating the pathophysiologic levels present in
obesity [57]. OLE and NMN solutions were freshly prepared and protected from light, as
previously reported [12,13]. The pH of infusates was adjusted to 7.4 ± 0.05 prior to their
administration. The infusion line was protected by a tether which allowed freedom of body
movement. Mice had ad libitum access to standard chow and water. Blood samples were
taken at 0 h and 46 h of infusion via the tail vein.

4.4. Hyperglycemic Clamp

Mice were fasted for 4 h prior to beginning the 2-h-long hyperglycemic clamp, which
was performed at 46 h of intravenous infusion, as previously done [12,13]. After basal blood
samples were drawn to determine glucose, FFA, insulin, and C-peptide levels, plasma
glucose levels were elevated to ~22 mM (the maximum stimulatory level) via a variable
intravenous glucose infusion, without interrupting the infusion of NMN and/or oleate.
Glycemia was assessed every 5–10 min by measuring a drop of blood from the tail using a
HemoCue Glucose 201+ System (HemoCue, Lake Forest, CA, USA).

After maintaining glycemia at an equilibrium of ~22 mM, blood samples were ob-
tained to determine plasma levels of FFA, insulin, and C-peptide. Minimal blood volume
was collected (0.3 mL in total/mouse) to reduce the risk of anemia, and collected red blood
cells were reinfused into each mouse. At the end of the experiments, mice were eutha-
nized via an intravenous injection of ketamine:xylazine:acepromazine (87:1.7:0.4 mg/mL,
0.2 mL/mouse). Tissues were collected, snap-frozen in liquid nitrogen, and stored at
−80 ◦C for future analyses. Pancreas was fixed and embedded in paraffin as previously
reported [58].

4.5. Plasma Assays

Plasma glucose levels were measured using the HemoCue Glucose 201+ System.
Plasma insulin levels were measured using an ELISA kit (Antibody and Immunoassay
Services, Li Ka Shing Faculty of Medicine, University of Hong Kong, Hong Kong) with
an interassay coefficient of variation (CV) of less than 10%. Plasma C-peptide levels were
measured using an ELISA kit (ALPCO Diagnostics, Salem, NH, USA) with an interassay
CV also less than 10%. Plasma FFA levels were measured using a colorimetric kit (Wako
and Boehringer Chemicals, Neuss, Germany). Serum nicotinamide was also measured via
a colorimetric kit (Immundiagnostik AG, Stubenwald-Allee, Bensheim, Germany).

4.6. Immunohistochemistry

Immunohistochemistry staining was performed by the Pathology Core at The Centre
for Phenogenomics. Tissue sections were submitted to heat-induced epitope retrieval with
citrate buffer (pH 6.0) or with TRIS-EDTA (pH 9.0) for 7 min, followed by quenching of
endogenous peroxidase with Bloxall reagent (Vector). Non-specific antibody binding was
blocked with 2.5% normal horse serum (Vector), followed by incubation for 1 h in Rabbit
anti-PDX-1 (Abcam, ab47267, 1:400), or Rabbit anti-FOXO-1 (Cell Signaling Technologies
#2880, 1:75). After washes, sections were incubated for 30 min with ImmPRESS HRP
reagent Anti-Rabbit (Vector) followed by DAB reagent, and counterstained in Mayer’s
hematoxylin. Densitometric analysis was performed using Image J.

4.7. Western Blot Analysis

Western blot analyses were performed as previously described [14]. Liver samples
were lysed in RIPA buffer containing protease and phosphatase inhibitors (Roche Diagnos-
tics, Laval, QC, Canada). 7 µg of protein lysates were analyzed by 7% SDS-PAGE (Sodium
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Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) gel prior to transferring proteins to
a polyvinylidene fluoride (PVDF) membrane, and immunoblotting with a custom-made
rabbit polyclonal primary antibody specific to α-CEACAM1 (1:500; Ab-2457), followed
by horseradish peroxidase-conjugated mouse anti-rabbit IgG antibody (1:5000; LiCOR
Biosciences, Lincoln, NE, USA). To assess the amount of proteins loaded on the gels, the
lower half of the membrane was immunoblotted with α-tubulin antibody (1:500; Santa
Cruz Biotechnology, Dallas, TX, USA). Phospho-JNK (1:300; Ab-9251 from Cell Signaling)
and total JNK (1:300; Ab-9252 from Cell Signaling) and 307 ser p IRS1 (1:260; Ab #05-1087
from Millipore) and total IRS1 (1:100; Ab #06-286 from Millipore) and Beta-actin control
(1:250; sc-47778 from Santa Cruz Biotechnology) were assessed as previously described [14].
Band densities were quantified using the ImageJ software.

4.8. Hepatic NAD+ and NADH Assay

The liver content of NAD+ and NADH were assayed using kit MAK037 from Sigma-
Aldrich (Saint Louis, MO, USA).

4.9. Studies in HepG2 Cells

HepG2 cells (2 × 105) were grown in 6 well plates for 24 h using MEM medium
supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin-streptomycin (Gibco,
Thermo Fisher Scientific, Mississauga, ON, Canada). The following day, cells were treated
with adenovirus-green fluorescent protein (GFP) empty vector control, adenovirus-GFP-
SIRT1, or adenovirus-GFP-SIRT2 at a concentration of multiplicity of intention (MOI)
1:50 in MEM medium supplemented with 2% FBS, 1% L-glutamine, and 1% penicillin-
streptomycin for 5 h before the medium was replaced with the regular growth medium.
Cells were then incubated for 24 h before being starved for 48 h in phenol red-free MEM
medium supplemented with 0.5% BSA, 1% L-glutamine, and 1% penicillin-streptomycin.
Cells were then treated with and without 30 µM of sirtinol—SIRT inhibitor (Sigma-Aldrich) for
24 h and harvested for evaluation of SIRT1, SIRT2 and CEACAM1 expression using RT-PCR.

4.10. Semi-Quantitatve RT-PCR

Total RNA was isolated from livers with NucleoSpin RNA Kit (740955.50, Macherey-
Nagel, Bethlehem, PA, USA). cDNA was synthesized by iScript cDNA Synthesis Kit
(Bio-Rad Life Science, Hercules, CA, USA), using 1 µg of total RNA and oligodT primers.
cDNA was evaluated with semi-quantitative RT-PCR in replicate (qRT-PCR; StepOne Plus,
Applied Biosystems, Waltham, MA, USA), and mRNA was normalized to 18S (mice) and
Gapdh (HepG2) using primers listed in Supplementary Tables S2 and S3, respectively.

4.11. Calculations
4.11.1. Insulin Sensitivity Index

When hyperglycemia is at a steady-state and is comparable between all groups
examined (as in the current experimental conditions), the insulin sensitivity index
(M/I = glucose metabolism/plasma insulin) can be calculated by dividing the average glu-
cose infusion rate (GINF; normalized for body weight) by the plasma insulin concentration
during the hyperglycemic clamp [59]. M/I was expressed as µmol glucose per kilogram
per minute per pM insulin. Of note, this index has limitations because it is based on the
assumption of linearity between GINF and the plasma concentration of insulin [60].

4.11.2. Disposition Index

The Disposition Index (DI) was calculated as the product of the index of insulin
sensitivity (M/I) and the plasma C-peptide concentration. Plasma levels of C-peptide, as
opposed to the insulin secretion rate, were used since the kinetics of C-peptide (which are
necessary for calculation of insulin secretion rate) are unknown in mice because mouse-
specific C-peptide is not currently available for injection. DI has been validated by our
group for use in rodents [13,61,62].
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4.11.3. Insulin Clearance Index

The index of endogenous insulin clearance was calculated as the ratio of C-peptide to
insulin plasma levels during basal glycemia and hyperglycemia. The ratio of steady-state
C-peptide to insulin plasma levels is an established index of insulin clearance [63] as insulin
and C-peptide are co-secreted and C-peptide is cleared proportionally to its concentration
by the kidney.

4.11.4. Statistics

One-way analysis of (ANOVA) followed by Tukey’s test was used to assess significance
between groups. Data are presented as means ± standard error (SE). Calculations were
performed using the Statistical Analysis System software (SAS; Cary, NC, USA). p < 0.05
was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222413224/s1.

Author Contributions: Data curation, supervision, project administration, writing—review and
editing, funding acquisition, S.M.N. and A.G.; methodology and investigation, A.N., Y.D.J., F.P., A.I.,
S.P., T.D., H.E.G., S.S.G., S.A., H.T.M., E.M.J. and J.W.J.; software, validation, and formal analysis,
Y.M., H.E.G., S.P. and J.W.J.; writing—original draft preparation, A.N. and Y.D.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by Canadian Institutes of Health Research grants to A. Giacca
(MOP-69018 and PJT-153032), and by National Institutes of Health grants to SM Najjar (R01-DK054254,
R01-DK083850, R01-DK124126 and R01-HL112248).

Institutional Review Board Statement: All experimental protocols including the handling of mice
were approved by the Animal Ethics & Compliance Unit at the University of Toronto. (Protocol #
20011526, last approval 30 June 2021, expiry date 10 April 2022).

Informed Consent Statement: Not Applicable.

Data Availability Statement: All data and other materials can be obtained from authors upon
reasonable request.

Acknowledgments: We would like to thank Loretta Lam for her excellent technical assistance. The
authors also wish to acknowledge the contribution of Vivian Bradaschia and Milan Ganguly in the
Pathology Core at The Centre for Phenogenomics at the University of Toronto for immunohistochem-
istry staining.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Boden, G. Obesity, Insulin Resistance and Free Fatty Acids. Curr. Opin. Endocrinol. Diabetes Obes. 2011, 18, 139–143. [CrossRef]
2. Sato, H.; Terasaki, T.; Mizuguchi, H.; Okumura, K.; Tsuji, A. Receptor-Recycling Model of Clearance and Distribution of Insulin in

the Perfused Mouse Liver. Diabetologia 1991, 34, 613–621. [CrossRef]
3. Rabkin, R.; Ryan, M.P.; Duckworth, W.C. The Renal Metabolism of Insulin. Diabetologia 1984, 27, 351–357. [CrossRef]
4. Rodgers, J.T.; Lerin, C.; Haas, W.; Gygi, S.P.; Spiegelman, B.M.; Puigserver, P. Nutrient Control of Glucose Homeostasis through a

Complex of PGC-1α and SIRT1. Nature 2005, 434, 113–118. [CrossRef]
5. Chung, S.; Yao, H.; Caito, S.; Hwang, J.-W.; Arunachalam, G.; Rahman, I. Regulation of SIRT1 in Cellular Functions: Role of

Polyphenols. Arch. Biochem. Biophys. 2010, 501, 79–90. [CrossRef]
6. Desai, T.; Koulajian, K.; Ivovic, A.; Breen, D.M.; Luu, L.; Tsiani, E.L.; Wheeler, M.B.; Giacca, A. Pharmacologic or Genetic

Activation of SIRT1 Attenuates the Fat-Induced Decrease in Beta-Cell Function In Vivo. Nutr. Diabetes 2019, 9, 11. [CrossRef]
7. Yoshino, J.; Mills, K.F.; Yoon, M.J.; Imai, S. Nicotinamide Mononucleotide, a Key NAD+ Intermediate, Treats the Pathophysiology

of Diet- and Age-Induced Diabetes in Mice. Cell Metab. 2011, 14, 528–536. [CrossRef]
8. Klein, S. Effect of “Nicotinamide Mononucleotide” (NMN) on Cardiometabolic Function (NMN); Washington University School of

Medicine: St. Louis, MO, USA, 2017.
9. Itoh, H. Assessment of the Safety of Nicotinamide Mononucleotide (NMN) in Healthy Subjects; Phase I Study; Keio University School of

Medicine: Tokyo, Japan, 2016.

https://www.mdpi.com/article/10.3390/ijms222413224/s1
https://www.mdpi.com/article/10.3390/ijms222413224/s1
http://doi.org/10.1097/MED.0b013e3283444b09
http://doi.org/10.1007/BF00400989
http://doi.org/10.1007/BF00304849
http://doi.org/10.1038/nature03354
http://doi.org/10.1016/j.abb.2010.05.003
http://doi.org/10.1038/s41387-019-0075-z
http://doi.org/10.1016/j.cmet.2011.08.014


Int. J. Mol. Sci. 2021, 22, 13224 15 of 17

10. Itoh, H. Assessment of the Safety of Long-Term Nicotinamide Mononucleotide (NMN) in Healthy Subjects; Phase II Study. In The
Clinical Trial to Evaluate Metabolic-Syndrome-Related Parameters to Develop NMN as Foods with Function Claims; Keio University
School of Medicine: Tokyo, Japan, 2017.

11. Pereira, S.; Park, E.; Moore, J.; Faubert, B.; Breen, D.M.; Oprescu, A.I.; Nahle, A.; Kwan, D.; Giacca, A.; Tsiani, E. Resveratrol
Prevents Insulin Resistance Caused by Short-Term Elevation of Free Fatty Acids In Vivo. Appl. Physiol. Nutr. Metab. 2015, 40,
1129–1136. [CrossRef]

12. Ivovic, A.; Oprescu, A.I.; Koulajian, K.; Mori, Y.; Eversley, J.A.; Zhang, L.; Nino-Fong, R.; Lewis, G.F.; Donath, M.Y.; Karin,
M.; et al. IKKβ Inhibition Prevents Fat-Induced Beta Cell Dysfunction In Vitro and In Vivo in Rodents. Diabetologia 2017, 60,
2021–2032. [CrossRef]

13. Koulajian, K.; Ivovic, A.; Ye, K.; Desai, T.; Shah, A.; George Fantus, I.; Ran, Q.; Giacca, A. Overexpression of Glutathione
Peroxidase 4 Prevents β-Cell Dysfunction Induced by Prolonged Elevation of Lipids In Vivo. Am. J. Physiol. Endocrinol. Metab.
2013, 305, E254–E262. [CrossRef]

14. Pereira, S.; Park, E.; Mori, Y.; Haber, C.A.; Han, P.; Uchida, T.; Stavar, L.; Oprescu, A.I.; Koulajian, K.; Ivovic, A.; et al. FFA-Induced
Hepatic Insulin Resistance In Vivo Is Mediated by PKC, NADPH Oxidase, and Oxidative Stress. Am. J. Physiol. Endocrinol. Metab.
2014, 307, E34–E46. [CrossRef]

15. Poy, M.N.; Yang, Y.; Rezaei, K.; Fernström, M.A.; Lee, A.D.; Kido, Y.; Erickson, S.K.; Najjar, S.M. CEACAM1 Regulates Insulin
Clearance in Liver. Nat. Genet. 2002, 30, 270–276. [CrossRef]

16. Jing, E.; Gesta, S.; Kahn, C.R. SIRT2 Regulates Adipocyte Differentiation through FoxO1 Acetylation/Deacetylation. Cell Metab.
2007, 6, 105–114. [CrossRef]

17. Buteau, J.; Shlien, A.; Foisy, S.; Accili, D. Metabolic Diapause in Pancreatic β-Cells Expressing a Gain-of-Function Mutant of the
Forkhead Protein Foxo1. J. Biol. Chem. 2007, 282, 287–293. [CrossRef]

18. Ramakrishnan, S.K.; Khuder, S.S.; Al-Share, Q.Y.; Russo, L.; Abdallah, S.L.; Patel, P.R.; Heinrich, G.; Muturi, H.T.; Mopidevi, B.R.;
Oyarce, A.M.; et al. PPARα (Peroxisome Proliferator-Activated Receptor α) Activation Reduces Hepatic CEACAM1 Protein
Expression to Regulate Fatty Acid Oxidation during Fasting-Refeeding Transition. J. Biol. Chem. 2016, 291, 8121–8129. [CrossRef]

19. Wang, Y.; Yang, J.; Hong, T.; Chen, X.; Cui, L. SIRT2: Controversy and Multiple Roles in Disease and Physiology. Ageing Res. Rev.
2019, 55, 100961. [CrossRef]

20. Sarikhani, M.; Mishra, S.; Desingu, P.A.; Kotyada, C.; Wolfgeher, D.; Gupta, M.P.; Singh, M.; Sundaresan, N.R. SIRT2 Regulates
Oxidative Stress-Induced Cell Death through Deacetylation of c-Jun NH2-Terminal Kinase. Cell Death Differ. 2018, 25, 1638–1656.
[CrossRef]

21. Najjar, S.M.; Boisclair, Y.R.; Nabih, Z.T.; Philippe, N.; Imai, Y.; Suzuki, Y.; Suh, D.S.; Ooi, G.T. Cloning and Characterization of a
Functional Promoter of the Rat Pp120 Gene, Encoding a Substrate of the Insulin Receptor Tyrosine Kinase. J. Biol. Chem. 1996,
271, 8809–8817. [CrossRef]

22. Pereira, S.; Yu, W.Q.; Frigolet, M.E.; Beaudry, J.L.; Shpilberg, Y.; Park, E.; Dirlea, C.; Nyomba, B.L.G.; Riddell, M.C.; Fantus,
I.G.; et al. Duration of Rise in Free Fatty Acids Determines Salicylate’s Effect on Hepatic Insulin Sensitivity. J. Endocrinol. 2013,
217, 31–43. [CrossRef]

23. Prabhakar, N.R.; Semenza, G.L. Adaptive and Maladaptive Cardiorespiratory Responses to Continuous and Intermittent Hypoxia
Mediated by Hypoxia-Inducible Factors 1 and 2. Physiol. Rev. 2012, 92, 967–1003. [CrossRef]

24. Qu, A.; Taylor, M.; Xue, X.; Matsubara, T.; Metzger, D.; Chambon, P.; Gonzalez, F.J.; Shah, Y.M. Hypoxia-Inducible Transcription
Factor 2α Promotes Steatohepatitis through Augmenting Lipid Accumulation, Inflammation, and Fibrosis. Hepatology 2011, 54,
472–483. [CrossRef]

25. Najjar, S.M.; Yang, Y.; Fernström, M.A.; Lee, S.-J.; DeAngelis, A.M.; Rjaily, G.A.A.; Al-Share, Q.Y.; Dai, T.; Miller, T.A.; Ratnam,
S.; et al. Insulin Acutely Decreases Hepatic Fatty Acid Synthase Activity. Cell Metab. 2005, 2, 43–53. [CrossRef]

26. Ghadieh, H.E.; Russo, L.; Muturi, H.T.; Ghanem, S.S.; Manaserh, I.H.; Noh, H.L.; Suk, S.; Kim, J.K.; Hill, J.W.; Najjar, S.M.
Hyperinsulinemia Drives Hepatic Insulin Resistance in Male Mice with Liver-Specific Ceacam1 Deletion Independently of
Lipolysis. Metabolism 2019, 93, 33–43. [CrossRef]

27. Li, S.; Brown, M.S.; Goldstein, J.L. Bifurcation of Insulin Signaling Pathway in Rat Liver: mTORC1 Required for Stimulation of
Lipogenesis, but Not Inhibition of Gluconeogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 3441–3446. [CrossRef]

28. Kotronen, A.; Vehkavaara, S.; Seppala-Lindroos, A.; Bergholm, R.; Yki-Jarvinen, H. Effect of Liver Fat on Insulin Clearance. Am. J.
Physiol. Endocrinol. Metab. 2007, 293, E1709–E1715. [CrossRef]

29. Wiesenthal, S.R.; Sandhu, H.; McCall, R.H.; Tchipashvili, V.; Yoshii, H.; Polonsky, K.; Shi, Z.Q.; Lewis, G.F.; Mari, A.; Giacca, A.
Free Fatty Acids Impair Hepatic Insulin Extraction In Vivo. Diabetes 1999, 48, 766–774. [CrossRef]

30. Yoshii, H.; Lam, T.K.T.; Gupta, N.; Goh, T.; Haber, C.A.; Uchino, H.; Kim, T.T.Y.; Chong, V.Z.; Shah, K.; Fantus, I.G.; et al. Effects of
Portal Free Fatty Acid Elevation on Insulin Clearance and Hepatic Glucose Flux. Am. J. Physiol. Endocrinol. Metab. 2006, 290,
E1089–E1097. [CrossRef]

31. Forman, B.M.; Chen, J.; Evans, R.M. Hypolipidemic Drugs, Polyunsaturated Fatty Acids, and Eicosanoids Are Ligands for
Peroxisome Proliferator-Activated Receptors α and δ. Proc. Natl. Acad. Sci. USA 1997, 94, 4312–4317. [CrossRef]

32. Ramakrishnan, S.K.; Russo, L.; Ghanem, S.S.; Patel, P.R.; Oyarce, A.M.; Heinrich, G.; Najjar, S.M. Fenofibrate Decreases Insulin
Clearance and Insulin Secretion to Maintain Insulin Sensitivity. J. Biol. Chem. 2016, 291, 23915–23924. [CrossRef]

http://doi.org/10.1139/apnm-2015-0075
http://doi.org/10.1007/s00125-017-4345-9
http://doi.org/10.1152/ajpendo.00481.2012
http://doi.org/10.1152/ajpendo.00436.2013
http://doi.org/10.1038/ng840
http://doi.org/10.1016/j.cmet.2007.07.003
http://doi.org/10.1074/jbc.M606118200
http://doi.org/10.1074/jbc.M116.714014
http://doi.org/10.1016/j.arr.2019.100961
http://doi.org/10.1038/s41418-018-0069-8
http://doi.org/10.1074/jbc.271.15.8809
http://doi.org/10.1530/JOE-12-0214
http://doi.org/10.1152/physrev.00030.2011
http://doi.org/10.1002/hep.24400
http://doi.org/10.1016/j.cmet.2005.06.001
http://doi.org/10.1016/j.metabol.2019.01.008
http://doi.org/10.1073/pnas.0914798107
http://doi.org/10.1152/ajpendo.00444.2007
http://doi.org/10.2337/diabetes.48.4.766
http://doi.org/10.1152/ajpendo.00306.2005
http://doi.org/10.1073/pnas.94.9.4312
http://doi.org/10.1074/jbc.M116.745778


Int. J. Mol. Sci. 2021, 22, 13224 16 of 17

33. Tan, M.; Tang, C.; Zhang, Y.; Cheng, Y.; Cai, L.; Chen, X.; Gao, Y.; Deng, Y.; Pan, M. SIRT1/PGC-1α Signaling Protects Hepatocytes
against Mitochondrial Oxidative Stress Induced by Bile Acids. Free Radic. Res. 2015, 49, 935–945. [CrossRef]

34. Erion, D.M.; Yonemitsu, S.; Nie, Y.; Nagai, Y.; Gillum, M.P.; Hsiao, J.J.; Iwasaki, T.; Stark, R.; Weismann, D.; Yu, X.X.; et al. SirT1
Knockdown in Liver Decreases Basal Hepatic Glucose Production and Increases Hepatic Insulin Responsiveness in Diabetic Rats.
Proc. Natl. Acad. Sci. USA 2009, 106, 11288–11293. [CrossRef]

35. Imai, S. A Possibility of Nutriceuticals as an Anti-Aging Intervention: Activation of Sirtuins by Promoting Mammalian NAD
Biosynthesis. Pharmacol. Res. 2010, 62, 42–47. [CrossRef]

36. Imai, T.; Anderson, B.M. Metabolism of Nicotinamide Mononucleotide in Beef Liver. Arch. Biochem. Biophys. 1987, 254, 241–252.
[CrossRef]

37. Orecchia, A.; Scarponi, C.; Di Felice, F.; Cesarini, E.; Avitabile, S.; Mai, A.; Mauro, M.L.; Sirri, V.; Zambruno, G.; Albanesi,
C.; et al. Sirtinol Treatment Reduces Inflammation in Human Dermal Microvascular Endothelial Cells. PLoS ONE 2011, 6, e24307.
[CrossRef]

38. She, D.T.; Wong, L.J.; Baik, S.-H.; Arumugam, T.V. SIRT2 Inhibition Confers Neuroprotection by Downregulation of FOXO3a and
MAPK Signaling Pathways in Ischemic Stroke. Mol. Neurobiol. 2018, 55, 9188–9203. [CrossRef]

39. Lee, A.S.; Jung, Y.J.; Kim, D.; Nguyen-Thanh, T.; Kang, K.P.; Lee, S.; Park, S.K.; Kim, W. SIRT2 Ameliorates Lipopolysaccharide-
Induced Inflammation in Macrophages. Biochem. Biophys. Res. Commun. 2014, 450, 1363–1369. [CrossRef]

40. Sabio, G.; Cavanagh-Kyros, J.; Ko, H.J.; Jung, D.Y.; Gray, S.; Jun, J.Y.; Barrett, T.; Mora, A.; Kim, J.K.; Davis, R.J. Prevention of
Steatosis by Hepatic JNK1. Cell Metab. 2009, 10, 491–498. [CrossRef]

41. Wrede, C.E.; Dickson, L.M.; Lingohr, M.K.; Briaud, I.; Rhodes, C.J. Protein Kinase B/Akt Prevents Fatty Acid-Induced Apoptosis
in Pancreatic Beta-Cells (INS-1). J. Biol. Chem. 2002, 277, 49676–49684. [CrossRef]

42. Kitamura, T.; Nakae, J.; Kitamura, Y.; Kido, Y.; Biggs, W.H.; Wright, C.V.E.; White, M.F.; Arden, K.C.; Accili, D. The Forkhead
Transcription Factor Foxo1 Links Insulin Signaling to Pdx1 Regulation of Pancreatic β Cell Growth. J. Clin. Investig. 2002, 110,
1839–1847. [CrossRef]

43. Lee, J.-H.; Song, M.-Y.; Song, E.-K.; Kim, E.-K.; Moon, W.S.; Han, M.-K.; Park, J.-W.; Kwon, K.-B.; Park, B.-H. Overexpression of
SIRT1 Protects Pancreatic β-Cells against Cytokine Toxicity by Suppressing the Nuclear Factor-KB Signaling Pathway. Diabetes
2009, 58, 344–351. [CrossRef]

44. Ramsey, K.M.; Mills, K.F.; Satoh, A.; Imai, S.-I. Age-Associated Loss of Sirt1-Mediated Enhancement of Glucose-Stimulated
Insulin Secretion in Beta Cell-Specific Sirt1-Overexpressing (BESTO) Mice. Aging Cell 2008, 7, 78–88. [CrossRef]

45. Sandler, S.; Welsh, M.; Andersson, A. Streptozotocin-Induced Impairment of Islet B-Cell Metabolism and Its Prevention by
a Hydroxyl Radical Scavenger and Inhibitors of Poly (ADP-Ribose) Synthetase. Acta Pharmacol. Toxicol. 1983, 53, 392–400.
[CrossRef]

46. Novelli, M.; Canistro, D.; Martano, M.; Funel, N.; Sapone, A.; Melega, S.; Masini, M.; De Tata, V.; Pippa, A.; Vecoli, C.; et al.
Anti-Diabetic Properties of a Non-Conventional Radical Scavenger, as Compared to Pioglitazone and Exendin-4, in Streptozotocin-
Nicotinamide Diabetic Mice. Eur. J. Pharmacol. 2014, 729, 37–44. [CrossRef]

47. Sandler, S.; Andersson, A. Long-Term Effects of Exposure of Pancreatic Islets to Nicotinamide In Vitro on DNA Synthesis,
Metabolism and B-Cell Function. Diabetologia 1986, 29, 199–202. [CrossRef]

48. Sjöholm, A. Effects of Nicotinamide on Clonal Rat Insulinoma Cell Proliferation, Polyamine Content and Insulin Secretion.
Anticancer Res. 1993, 13, 1283–1285. [PubMed]

49. Watanabe, H.; Inaba, Y.; Kimura, K.; Matsumoto, M.; Kaneko, S.; Kasuga, M.; Inoue, H. Sirt2 Facilitates Hepatic Glucose Uptake
by Deacetylating Glucokinase Regulatory Protein. Nat. Commun. 2018, 9, 30. [CrossRef]

50. Wang, R.-H.; Xu, X.; Kim, H.-S.; Xiao, Z.; Deng, C.-X. SIRT1 Deacetylates FOXA2 and Is Critical for Pdx1 Transcription and β-Cell
Formation. Int. J. Biol. Sci. 2013, 9, 934–946. [CrossRef]

51. Lantier, L.; Williams, A.S.; Hughey, C.C.; Bracy, D.P.; James, F.D.; Ansari, M.A.; Gius, D.; Wasserman, D.H. SIRT2 Knockout
Exacerbates Insulin Resistance in High Fat-Fed Mice. PLoS ONE 2018, 13, e0208634. [CrossRef]

52. DeAngelis, A.M.; Heinrich, G.; Dai, T.; Bowman, T.A.; Patel, P.R.; Lee, S.J.; Hong, E.-G.; Jung, D.Y.; Assmann, A.; Kulkarni,
R.N.; et al. Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1: A Link Between Insulin and Lipid Metabolism. Diabetes
2008, 57, 2296–2303. [CrossRef]

53. Xu, E.; Dubois, M.-J.; Leung, N.; Charbonneau, A.; Turbide, C.; Avramoglu, R.K.; DeMarte, L.; Elchebly, M.; Streichert, T.; Lévy,
E.; et al. Targeted Disruption of Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1 Promotes Diet-Induced Hepatic
Steatosis and Insulin Resistance. Endocrinology 2009, 150, 3503–3512. [CrossRef] [PubMed]

54. Berzins, R.; Wieczorek, K.R.; Rajotte, R.V.; Molnar, G.D.; Tam, Y.K.; McGregor, J.R.; Fawcett, D.M. Accuracy of C-Peptide:Insulin
Molar Ratio as a Measure of Hepatic Removal of Insulin. Diabetes Res. Clin. Pract. 1987, 4, 37–43. [CrossRef]

55. Irie, J.; Inagaki, E.; Fujita, M.; Nakaya, H.; Mitsuishi, M.; Yamaguchi, S.; Yamashita, K.; Shigaki, S.; Ono, T.; Yukioka, H.; et al.
Effect of Oral Administration of Nicotinamide Mononucleotide on Clinical Parameters and Nicotinamide Metabolite Levels in
Healthy Japanese Men. Endocr. J. 2020, 67, 153–160. [CrossRef]

56. Bezman-Tarcher, A. Method for Continuous Intravenous Infusion of Large Amounts of Oleic Acid into Rats. J. Lipid Res. 1969, 10,
197–206. [CrossRef]

57. Basu, A.; Basu, R.; Shah, P.; Vella, A.; Rizza, R.A.; Jensen, M.D. Systemic and Regional Free Fatty Acid Metabolism in Type 2
Diabetes. Am. J. Physiol. Endocrinol. Metab. 2001, 280, E1000–E1006. [CrossRef]

http://doi.org/10.3109/10715762.2015.1016020
http://doi.org/10.1073/pnas.0812931106
http://doi.org/10.1016/j.phrs.2010.01.006
http://doi.org/10.1016/0003-9861(87)90100-7
http://doi.org/10.1371/annotation/0174b439-c62b-42e8-a420-3defbfe5c8e9
http://doi.org/10.1007/s12035-018-1058-0
http://doi.org/10.1016/j.bbrc.2014.06.135
http://doi.org/10.1016/j.cmet.2009.09.007
http://doi.org/10.1074/jbc.M208756200
http://doi.org/10.1172/JCI200216857
http://doi.org/10.2337/db07-1795
http://doi.org/10.1111/j.1474-9726.2007.00355.x
http://doi.org/10.1111/j.1600-0773.1983.tb03440.x
http://doi.org/10.1016/j.ejphar.2014.01.071
http://doi.org/10.1007/BF02427093
http://www.ncbi.nlm.nih.gov/pubmed/8239498
http://doi.org/10.1038/s41467-017-02537-6
http://doi.org/10.7150/ijbs.7529
http://doi.org/10.1371/journal.pone.0208634
http://doi.org/10.2337/db08-0379
http://doi.org/10.1210/en.2008-1439
http://www.ncbi.nlm.nih.gov/pubmed/19406938
http://doi.org/10.1016/S0168-8227(87)80031-1
http://doi.org/10.1507/endocrj.EJ19-0313
http://doi.org/10.1016/S0022-2275(20)42669-0
http://doi.org/10.1152/ajpendo.2001.280.6.E1000


Int. J. Mol. Sci. 2021, 22, 13224 17 of 17

58. Tang, C.; Han, P.; Oprescu, A.I.; Lee, S.C.; Gyulkhandanyan, A.V.; Chan, G.N.Y.; Wheeler, M.B.; Giacca, A. Evidence for a Role of
Superoxide Generation in Glucose-Induced Beta-Cell Dysfunction In Vivo. Diabetes 2007, 56, 2722–2731. [CrossRef] [PubMed]

59. DeFronzo, R.A.; Tobin, J.D.; Andres, R. Glucose Clamp Technique: A Method for Quantifying Insulin Secretion and Resistance.
Am. J. Physiol. 1979, 237, E214–E223. [CrossRef] [PubMed]

60. Natali, A.; Gastaldelli, A.; Camastra, S.; Sironi, A.M.; Toschi, E.; Masoni, A.; Ferrannini, E.; Mari, A. Dose-Response Characteristics
of Insulin Action on Glucose Metabolism: A Non-Steady-State Approach. Am. J. Physiol. Endocrinol. Metab. 2000, 278, E794–E801.
[CrossRef] [PubMed]

61. Tang, C.; Naassan, A.E.; Chamson-Reig, A.; Koulajian, K.; Goh, T.T.; Yoon, F.; Oprescu, A.I.; Ghanim, H.; Lewis, G.F.; Dandona,
P.; et al. Susceptibility to Fatty Acid-Induced β-Cell Dysfunction Is Enhanced in Prediabetic Diabetes-Prone BioBreeding Rats:
A Potential Link Between β-Cell Lipotoxicity and Islet Inflammation. Endocrinology 2013, 154, 89–101. [CrossRef]

62. Goh, T.T.; Mason, T.M.; Gupta, N.; So, A.; Lam, T.K.T.; Lam, L.; Lewis, G.F.; Mari, A.; Giacca, A. Lipid-Induced β-Cell Dysfunction
In Vivo in Models of Progressive β-Cell Failure. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E549–E560. [CrossRef] [PubMed]

63. Matsubayashi, Y.; Yoshida, A.; Suganami, H.; Ishiguro, H.; Yamamoto, M.; Fujihara, K.; Kodama, S.; Tanaka, S.; Kaku, K.; Sone, H.
Role of Fatty Liver in the Association between Obesity and Reduced Hepatic Insulin Clearance. Diabetes Metab. 2018, 44, 135–142.
[CrossRef] [PubMed]

http://doi.org/10.2337/db07-0279
http://www.ncbi.nlm.nih.gov/pubmed/17682092
http://doi.org/10.1152/ajpendo.1979.237.3.E214
http://www.ncbi.nlm.nih.gov/pubmed/382871
http://doi.org/10.1152/ajpendo.2000.278.5.E794
http://www.ncbi.nlm.nih.gov/pubmed/10780934
http://doi.org/10.1210/en.2012-1720
http://doi.org/10.1152/ajpendo.00255.2006
http://www.ncbi.nlm.nih.gov/pubmed/17003242
http://doi.org/10.1016/j.diabet.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29395810

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Animal Models 
	Mouse Cannulation Surgery 
	Intravenous Infusion of Mice with NMN and Oleate 
	Hyperglycemic Clamp 
	Plasma Assays 
	Immunohistochemistry 
	Western Blot Analysis 
	Hepatic NAD+ and NADH Assay 
	Studies in HepG2 Cells 
	Semi-Quantitatve RT-PCR 
	Calculations 
	Insulin Sensitivity Index 
	Disposition Index 
	Insulin Clearance Index 
	Statistics 


	References

