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Abstract: Axon degeneration in diabetic peripheral neuropathy (DPN) is associated with impaired
NAD+ metabolism. We tested whether the administration of NAD+ precursors, nicotinamide mononu-
cleotide (NMN) or nicotinamide riboside (NR), prevents DPN in models of Type 1 and Type 2 diabetes.
NMN was administered to streptozotocin (STZ)-induced diabetic rats and STZ-induced diabetic
mice by intraperitoneal injection at 50 or 100 mg/kg on alternate days for 2 months. mice The were
fed with a high fat diet (HFD) for 2 months with or without added NR at 150 or 300 mg/kg for
2 months. The administration of NMN to STZ-induced diabetic rats or mice or dietary addition of NR
to HFD-fed mice improved sensory function, normalized sciatic and tail nerve conduction velocities,
and prevented loss of intraepidermal nerve fibers in skin samples from the hind-paw. In adult dorsal
root ganglion (DRG) neurons isolated from HFD-fed mice, there was a decrease in NAD+ levels and
mitochondrial maximum reserve capacity. These impairments were normalized in isolated DRG
neurons from NR-treated mice. The results indicate that the correction of NAD+ depletion in DRG
may be sufficient to prevent DPN but does not significantly affect glucose tolerance, insulin levels, or
insulin resistance.

Keywords: sirtuins; diabetic neuropathy; NAD+; mitochondria; NEDD4-1

1. Introduction

Diabetic peripheral neuropathy (DPN) is a common neurological complication of
diabetes. Currently, there is no therapy that permanently prevents or reverses neuropathy.
Strict glycemic control ameliorates but does not reverse neuropathy in type 1 diabetes
(T1D) patients and is relatively ineffective at preventing diabetic neuropathy in type 2
diabetes (T2D) [1]. There is emerging evidence that lifestyle interventions are effective
in individuals with established diabetic neuropathy. In addition, there is evidence that
effects on biochemical pathways that improve muscle function affect other organ systems,
including peripheral nerves. These data are reviewed in [2]. In addition to hyperglycemia,
dyslipidemia has been suggested as a major contributor to DPN in T2D (reviewed in [3–5]).
Defective mitochondrial (Mt) fatty acid oxidation may lead to the accumulation of the
precursor fatty acylcarnitine in neurons and subsequent neuronal Mt dysfunction leading
to axonal degeneration and neuropathy [6–10]. As a result of Mt damage, oxidative stress
occurs in dorsal root ganglion (DRG) neurons, axons, and Schwann cells, and has been
proposed as a unifying mechanism for diabetic neuropathy [9,11–14]. Neurons have a
large surface area and demand high energy to maintain their membrane potential [15]. The
survival of distal axons, which in humans may be a considerable distance from the soma, is
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dependent on axonal transport mechanisms that also require energy. The net effect of Mt
dysfunction is that it results in a low aerobic capacity to meet the energy demand within
the neuron. Over time, this can lead to neuronal and axonal degeneration.

NAD+ is critical in maintaining Mt function, and NAD+ levels decline with
age in individuals with neurodegenerative conditions, acute brain injury, obesity, or
diabetes [11,16–18]. Several studies have shown that the loss of NAD+ leads to axonal
degeneration in peripheral neuropathy [19–21]. NAD+ is used as a degradation substrate
for enzymes such as sirtuins, poly (ADP-ribosyl) transferase 1 (PARP1), and cluster of dif-
ferentiation 38 (CD38) [18,22,23]. Axonal degeneration can be promoted by the activation
of sterile alpha and TIR motif constraining 1 (SARM1) or deleted in bladder cancer protein
1 (DBC1), which inhibits Sirtuin 1 (SIRT1) activity [22–24]. The activation of PARP1 or CD
38 also promotes axonal degeneration, whereas the knockout of PARP1, CD38, SARM1,
and DBC1 protect mice against high fat diet (HFD)-induced neuropathy or chemotherapy-
induced neuropathy [24–27]. Furthermore, proteins that resynthesize NAD+ via the salvage
pathway, such as NMNAT1–3, protect against axonal degeneration [28–32]. Among the
NAD+ consuming enzymes, SIRT1 is unique because its activation protects against DPN,
whereas the inhibition of other NAD+ consuming proteins protects against DPN [11,12,33].

Nicotinamide riboside (NR) may improve diabetes and diabetic neuropathy in T2D [19].
However, it is unknown whether nicotinamide mononucleotide (NMN) can prevent experi-
mental diabetic neuropathy and the NR-regulated mechanisms that prevent neuropathy.
In this study, we tested whether the administration of the NAD+ precursors NMN or NR
would protect against streptozotocin (STZ) or high fat diet (HFD)-induced peripheral neu-
ropathy. We hypothesize that NMN and NR, by increasing NAD+ levels in DRG neurons,
can furnish reducing equivalents (NADH) to the mitochondrial electron transport chain to
generate ATP, deacetylating proteins—including mitochondrial proteins to regulate fatty
acid oxidation—and thereby preventing diabetic neuropathy.

2. Results
2.1. Administration of NMN Prevents STZ-Induced Increases in Triglyceride and Non-Esterified
Fatty Lipid Levels in Rat Blood

Induction of T1D with STZ in Sprague Dawley (SD) rats caused significant changes in
the following blood parameters that were not protected by NMN administration: decrease
in body weight from 450 ± 17 g to 346 ± 14 g (p < 0.001, Table 1); increase in blood glucose
levels from 132 ± 18 mg/dL to 405 ± 22 mg/dL (p < 0.001, Table 1); increase in % HbA1c
from 5.4 ± 1 to 16.7 ± 4.1 (p < 0.001, Table 1); decrease in insulin levels from 8.3 ± 2 to
1.2 ± 0.7 (p < 0.001, Table 1); and increase in total cholesterol, HDL, and LDL levels. A
comparison of the changes in body weight from baseline to the end of the study showed that
administration of STZ, irrespective of NMN treatment, caused a significant decrease in body
weight. The administration of NMN significantly decreased STZ-induced increases in the
following: the STZ-induced increase in triglycerides was decreased from 493 ± 23 mg/dL to
361 ± 19 mg/dL (p < 0.05, Table 1) and non-esterified fatty acids (NEFA) from 6.6 ± 1.8 mM
to 3.8 ± 1 (p < 0.05, Table 1). The measurement of the intraperitoneal glucose tolerance test
(IP-GTT; n = 6) showed a significant increase in the area under the curve (AUC) in STZ rats
compared to non-diabetic rats, but there was no significant difference in AUC between STZ
and STZ + NMN rats (Supplementary Figure S1 in reference [16]).
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Table 1. Metabolic End Points After 2 Months of Treatment in Non-Diabetic (Non-Dia), NMN
Treated Non-Diabetic (Non-Dia + NMN), Diabetic (STZ), NMN Treated Diabetic (STZ + NMN) Rats.
NS = Not Significant.

Parameters WT Significance

Non-Dia
(n = 6)

Non-Dia + NMN
(100 mg/kg)

(n = 6)

STZ
(n = 6)

STZ + NMN
(50 mg/kg)

(n = 6)

STZ + NMN
(100 mg /kg)

(n = 6) 1 vs. 2 1 vs. 3 3 vs. 4 3 vs. 5

Group # 1 2 3 4 5
Body Weight (g) 450 ± 17 431 ± 19 346 ± 14 345 ± 13 331 ± 14 NS <0.001 NS NS
Plasma Glucose (mg/dL) 132 ± 18 128 ± 17 405 ± 22 399 ± 13 388 ± 15 NS <0.001 NS NS
HbA1c% 5.4 ± 1 5.4 ± 1 16.7 ± 4.1 15.8 ± 2.6 15.3 ± 2.9 NS <0.01 NS NS
Insulin (mµ/mL) 8.3 ± 2 8 ± 2 1.2 ± 0.7 1.3 ± 0.4 1.6 ± 0.3 NS <0.001 NS NS
Total Cholesterol (mg/dL) 68 ± 13 59 ± 11 173 ± 14 133 ± 71 139 ± 48 NS <0.01 NS NS
Triglycerides (mg/dL) 94 ± 11 96 ± 9 493 ± 23 376 ± 22 361 ± 19 NS <0.001 <0.05 <0.05
HDL (mg/dL) 79 ± 4 78 ± 5 128 ± 21 119 ± 15 115 ± 16 NS <0.001 NS NS
LDL (mg/dL) 13 ± 5 10 ± 4 63 ± 5 64 ± 9 60 ± 9 NS <0.01 NS NS
NEFA (mM) 2.5 ± 0.8 3.1 ± 0.4 6.6 ± 1.8 3.6 ± 1 3.8 ± 1 NS <0.001 <0.05 <0.05

2.2. Administration of NMN Prevents STZ-Induced Peripheral Neuropathy in Rats

We tested whether NMN injection could prevent peripheral neuropathy in STZ rats.
After 8 weeks of STZ-induced diabetes, rats showed a significant slowing of SMNCV
(Figure 1) (from 55.61 ± 2.8 m/s in non-diabetic to 36.6 ± 3.4 in STZ; p < 0.001), in-
creased TML latency (from 1.33 ± 0.07 ms to 2.9 ± 0.2 ms; p < 0.001), and decreased
TSNCV (from 54.3 ± 1.6 m/s in non-diabetic to 36.9 ± 3.4 m/s in STZ rats; p < 0.001).
These changes in nerve conduction velocity (NCV) in STZ rats were consistent with the
development of peripheral neuropathy. After 8 weeks, there was a significant decrease
in the von Frey paw withdrawal threshold in STZ compared to non-diabetic mice (non-
Día) = 14 ± 1 g vs. STZ = 6.2 ± 0.7 g; p < 0.001), consistent with the development of tactile
allodynia. Likewise, there was a decrease in thermal sensitivity in the Hargreaves test
from 14 ± 1.5 s in non-diabetic rats to 6 ± 0.3 s in STZ rats. In contrast, the administration
of NMN at both 50 mg/kg and 100 mg/kg preserved NCVs. NCVs were comparable in
non-diabetic rats with or without NMN. For example, the SMNCVs were similar (p = 0.85
between non-diabetic vs. STZ + NMN 50 mg/kg or p = 0.88 between non-diabetic + NMN
100 mg/kg vs. STZ + NMN 100 mg/kg, Figure 1). The administration of NMN to STZ
rats similarly preserved STZ-induced changes in TML and SNCV. STZ + NMN rats had
normal tactile allodynia at 8 weeks while STZ rats demonstrated a decreased von Frey paw
withdrawal threshold (Figure 1).

Eight weeks after injecting both non-diabetic and STZ rats with NMN, the rats were
euthanized and their paw skins were examined for IENFD (Figure 1F). Skin biopsies
showed a significant decrease in the IENFD of STZ rats (7.7 ± 0.7 fibers/mm) compared
to non-diabetic rats (15.9 ± 0.9 fibers/mm; p < 0.001). There was no significant change
in the IENFD (15.9 ± 0.9 fibers/mm to 14 ± 0.9 fibers/mm; p = 0.65) in non-diabetic rats
compared to non-diabetic + NMN rats. In STZ + NMN rats, there was no significant change
in the IENFD compared to non-diabetic + NMN rats (STZ + NMN 50 = 13 ± 1.3 vs. non-
diabetic + NMN 100 = 14 ± 0.9 fibers/mm, p = 0.41: STZ + NMN 100 = 12.7 ± 0.9 vs. non-
diabetic + NMN 100 = 14 ± 0.9 fibers/mm, p = 0.2). In contrast, the IENFD count was still
higher in STZ + NMN rats compared to STZ rats (STZ = 7.7 ± 0.7 fibers/mm vs. STZ + NMN
50 = 13 ± 1.3; p < 0.001; vs. STZ + NMN 100 = 12.7 ± 0.9; p < 0.001; STZ + NMN
50 vs. STZ + NMN 100; p = 0.98).
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Figure 1. NMN prevents STZ-induced neuropathy in SD rats (n = 6/group). Thirty male SD rats
were randomly assigned to five groups of six rats per group. Group # 1: non-diabetic (non-Dia);
Group # 2: non-diabetic with NMN (non-Dia + NMN) (100 mg/kg); Group # 3: streptozotocin (STZ);
Group # 4: streptozotocin with NMN (STZ + NMN) (50 mg/kg); and Group # 5: streptozotocin with
NMN (STZ + NMN) (100 mg/kg). Injections (IP) of saline and NMN were administered on alternate
days for 2 months. Rats were tested for the following parameters: SMNCV (A), TML (B), TSNCV (C),
mechanical allodynia by von Frey filament paw withdrawal threshold (D), paw thermal sensitivity by
Hargreaves test (E), and IENFD of the hind paw (F). Statistical comparisons were made between the
five groups by ANOVA and post hoc Tukey test. *** p < 0.001; STZ, Group # 3 at 2 months compared
to all other groups in all parameters.

2.3. Administration of NMN Prevents STZ-Induced Peripheral Neuropathy in Mice

We next determined whether NMN could prevent neuropathy in STZ diabetic mice.
The blood and nerve conduction results are shown in Table 2. There was a significant
decrease in body weight; increase in blood glucose levels from 105 ± 12 mg/dL to
405 ± 22 mg/dL (p < 0.001, Table 2); increase in % HbA1c from 5.4 ± 1 to 15.7 ± 3.1
(p < 0.001, Table 2), decrease in insulin levels from 0.8 ± 0.2 to 0.2 ± 0.05 (p < 0.001, Table 2);
and increase in total cholesterol, HDL, and LDL levels. In contrast, the administration of
NMN significantly decreased the STZ-induced increase in triglycerides from 93 ± 13 mg/dL
to 61 ± 10 mg/dL (p < 0.05, Table 2) and NEFA from 6.4 ± 1.4 mM to 3.6 ± 0.8 (p < 0.05,
Table 2). Measurements of the IP-GTT (n = 6) showed a significant increase in the area under
the curve (AUC) in STZ mice compared to non-diabetic mice, but there was no significant
difference in the AUC between STZ and STZ + NMN mice (Supplementary Figure S1).
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Table 2. Metabolic End Points After 2 Months of Treatment in Non-Diabetic (Non-Dia), Non-
Dia + NMN (100 mg/kg intraperitoneal injection on alternate days), Diabetic (STZ), STZ + NMN
(50 mg/kg intraperitoneal injection on alternate days) and STZ + NMN (100 mg/kg intraperitoneal
injection on alternate days) in C57BL6 Mice. NS = Not Significant.

Parameters WT Significance

Non-Dia
(n = 6)

Non-Dia + NMN
(100 mg/kg)

(n = 6)

STZ
(n = 6)

STZ + NMN
(50 mg/kg)

(n = 6)

STZ + NMN
(100 mg /kg)

(n = 6)
1 vs. 2 1 vs. 3 3 vs. 4 3 vs. 5

Group # 1 2 3 4 5
Body Weight (g) 30 ± 2 31 ± 3 26 ± 4 25 ± 3 21 ± 4 NS <0.01 NS NS
Plasma Glucose (mg/dL) 105 ± 12 108 ± 11 405 ± 32 385 ± 33 388 ± 35 NS <0.001 NS NS
HbA1c% 5.4 ± 1 5.4 ± 1 15.7 ± 3.1 15.8 ± 3.6 15.3 ± 3.4 NS <0.001 NS NS
Insulin (µg/L) 0.8 ± 0.2 0.8 ± 0.2 0.2 ± 0.05 0.18 ± 0.04 0.16 ± 0.03 NS <0.001 NS NS
Total Cholesterol (mg/dL) 78 ± 13 75 ± 21 173 ± 42 163 ± 21 169 ± 28 NS <0.01 NS NS
Triglycerides (mg/dL) 44 ± 8 36 ± 9 93 ± 13 66 ± 10 61 ± 10 NS <0.001 <0.05 <0.05
HDL (mg/dL) 79 ± 4 78 ± 5 108 ± 21 99 ± 15 95 ± 16 NS <0.01 NS NS
LDL (mg/dL) 43 ± 5 50 ± 4 83 ± 5 84 ± 9 90 ± 9 NS <0.01 NS NS
NEFA (mM) 2.5 ± 0.8 3.1 ± 0.4 6.4 ± 1.4 3.6 ± 1 3.6 ± 0.8 NS <0.001 <0.05 <0.05
Sciatic MNCV (m/s) 55 ± 7 53 ± 6 26 ± 6 42.2 ± 7 46 ± 6.5 NS <0.001 <0.001 <0.001
Tail MNCV (m/s) 45 ± 4 43 ± 6 24 ± 3 46 ± 4.5 48 ± 5.3 NS <0.001 <0.001 <0.001
Tail SNCV (m/s) 41 ± 3 43 ± 3 27 ± 5 46 ± 7 48 ± 6 NS <0.001 <0.001 <0.001
Von Frey Mechanical
Allodynia (g) 1.2 ± 0.2 1.3 ± 0.3 0.6 ± 0.1 1.0 ± 0.2 1.2 ± 0.3 NS <0.001 <0.01 <0.001

Hargreaves Thermal
Response (sec) 12 ± 2 14 ± 3 22 ± 4 14 ± 3 12 ± 3 NS <0.001 <0.001 <0.001

IENFD (# / mm) 25 ± 3 23 ± 4 12 ± 2 23 ± 3 24 ± 3 NS <0.001 <0.001 <0.001

After 8 weeks of STZ-induced diabetes, C57Bl6 mice showed a significant slowing
of SMNCV (from 55 ± 7 m/s in non-diabetic to 26 ± 6 in STZ; p < 0.001), decreased TM-
NCV (from 45 ± 4 m/s to 24 ± 3 m/s; p < 0.001), decreased TSNCV (from 41 ± 3 m/s
to 27 ± 5 m/s; p < 0.001), the development of mechanical allodynia, and decreased ther-
mal sensitivity of hind paws (Table 2). The administration of NMN at both 50 mg/kg
and 100 mg/kg ameliorated these STZ-induced changes in nerve conduction parameters
(Table 2). The administration of NMN to STZ mice showed normal tactile allodynia at
8 weeks, while the von Frey paw withdrawal threshold was decreased in STZ mice (Table 2).
Hind paw skin biopsies showed a significant decrease in the IENFD in STZ mice compared
to non-diabetic mice. There was no significant change in the IENFD in non-diabetic mice
compared to non-diabetic + NMN mice. In contrast, the IENFD was higher in STZ + NMN
mice compared to STZ mice (STZ = 12 ± 2 fibers/mm vs. STZ + NMN 50 = 23 ± 3;
p < 0.001; vs. STZ + NMN 100 = 24 ± 3; p < 0.001). These results suggest that IP administra-
tion of NMN protected against T1D-induced peripheral neuropathy.

2.4. Dietary Administration of NR Prevents HFD-Induced Increases in Triglyceride and NEFA
Levels in Mice

Several groups, including ours, have shown that feeding C57Bl6 mice with HFD
induces peripheral neuropathy. We tested whether the neuropathic changes could be
ameliorated by the dietary administration of NR to HFD-fed mice. The dietary addi-
tion of NR did not alter HFD-induced weight gain or increases in plasma blood glu-
cose, Hb1Ac, insulin, or cholesterol (HDL and LDL) levels but did alter other lipid levels
(Group 3 vs. Groups 4 and 5 in Table 3). In the HFD + NR mice (n = 8), there was a decrease
in triglyceride (HFD = 93 ± 23 mg/dl vs. HFD + NR 150 mg = 76 ± 12 mg/dl or HFD + NR
300 mg = 61 ± 10 mg/dl; p < 0.05) and NEFA (HFD = 6.6 ± 1.8 mM vs. HFD + NR
150 mg = 3.6 ± 0.7 mM; p < 0.05 or HFD + NR 300 mg = 4.8 ± 1 mM) levels. The IP-
GTT (n = 6) showed a significant increase in the AUC in HFD mice compared to CD
mice but there was no significant difference in the AUC between HFD and HFD + NR
150 or 300 mg/kg mice or between CD and CD + NR 300 mg/kg mice (Table 3 and
Supplementary Figure S2).
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Table 3. Metabolic End Points After 2 Months in WT mice Fed With CD, CD + NR (300 mg/kg), HFD,
HFD + NR (150 and 300 mg/kg). NS = Not Significant.

Parameters WT Significance

CD
(n = 8)

CD + NR
(300 mg/kg)

(n = 8)

HFD
(n = 8)

HFD + NR
(150 mg/kg)

(n = 8)

HFD + NR
(300 mg/kg)

(n = 8)
1 vs. 2 1 vs. 3 3 vs. 4 3 vs. 5

Group # 1 2 3 4 5
Body Weight (g) 30 ± 2 31 ± 3 46 ± 4 45 ± 3 41 ± 4 NS <0.001 NS NS
Plasma Glucose (mg/dL) 135 ± 18 148 ± 17 205 ± 22 185 ± 13 188 ± 15 NS <0.001 NS NS
HbA1c% 5.4 ± 1 5.4 ± 1 6.7 ± 1.1 5.3 ± 0.6 5.8 ± 0.9 NS <0.001 <0.001 <0.01
Insulin (µg/L) 0.8 ± 0.2 0.8 ± 0.2 4 ± 0.5 3.8± 0.4 3.6 ± 0.3 NS <0.001 NS NS
Total Cholesterol (mg/dL) 152 ± 32 115 ± 12 273 ± 42 233 ± 51 249 ± 21 NS <0.001 <0.05 <0.05
Triglycerides (mg/dL) 144 ± 18 136 ± 16 241 ± 32 142 ± 28 96 ± 16 NS <0.001 <0.01 <0.001
HDL Cholesterol (mg/dL) 142 ± 14 130 ± 14 256 ± 29 169 ± 15 203 ± 26 NS <0.001 <0.001 <0.05
Non-HDL Cholesterol
(mg/dL) 10 ± 3 12 ± 3 15 ± 6 14 ± 2 10 ± 3 NS NS NS NS

NEFA (mM) 3 ± 0.29 3.1 ± 0.4 5.9 ± 1 3.6 ± 0.7 4.8 ± 1 NS <0.001 <0.001 <0.05
GTT-AUC (mg*min/dL X 103) 3 ± 0.29 3.6 ± 0.46 6.1 ± 1 6.2 ± 1 5.9 ± 1.2 NS <0.001 NS NS

2.5. Dietary Administration of NR Prevents Peripheral Neuropathy Induced by an HFD

We tested whether dietary administration of NR could prevent HFD-induced periph-
eral neuropathy. After 8 weeks of HFD feeding (n = 8), C57BL6 mice showed a significant
slowing of SMNCV (Figure 2) (from 42.77 ± 2.09 m/s in CD to 29.88 ± 1.23 m/s in HFD;
p < 0.001), increased TML (from 1.3 ± 0.07 ms to 2.89 ± 0.3 ms; p < 0.001), and decreased
TSNCV (from 35.1 ± 0.9 m/s in CD to 29.34 ± 1.34 m/s in HFD; p < 0.001). These changes
in NCV in HFD-fed mice were consistent with the development of peripheral neuropathy.
After 8 weeks of HFD, there was a significant decrease in the von Frey paw withdrawal
threshold in HFD compared to CD mice (CD = 1.35 ± 0.24 g vs. HFD = 0.68 ± 0.12 g;
p < 0.001) that remained the same up to 16 weeks, consistent with the development of tactile
allodynia. In contrast, the HFD + NR-fed mice had preserved NCVs, and the velocities
were comparable to CD-fed mice (Figure 2). These findings are consistent with protection
against peripheral neuropathy by dietary administration of NR. HFD + NR mice had
normal tactile allodynia at 8 weeks compared to CD or CD + NR. Eight weeks after feeding
mice with either a CD or HFD, mice were euthanized, and paw skins were examined for
IENFD (Figure 2F). Skin biopsies showed a significant decrease in the IENFD of HFD mice
(14.5 ± 2.5 fibers/mm) compared to CD mice (29.6 ± 4.4 fibers/mm; p < 0.001). On the
other hand, in NR-treated mice fed with CD or HFD, the IENFD was the same as that in
CD mice (HFD + NR 150 = 27.6 ± 3.5 fibers/mm: HFD + NR 300 = 30.8 ± 3.2 fibers/mm).
These results suggest that dietary administration of NR protected against HFD-induced
peripheral neuropathy.
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Figure 2. NR prevents HFD-induced neuropathy in C57Bl6 mice (n = 6 to 8 per group). WT
C57BL6 mice were randomly assigned to five groups of six to eight mice per group. Group # 1: CD;
Group # 2: CD + NR 300 mg/kg; Group # 3: HFD; Group # 4: HFD + NR (150 mg/kg); and
Group # 5: HFD + NR (300 mg/kg). NR was added to the diet at the dose mentioned to the groups
indicated for 2 months. The mice were tested for the following parameters: sciatic motor nerve
conduction velocity, SMNCV, (A), tail motor latency, TML, (B), tail sensory nerve conduction velocity,
TSNCV, (C), mechanical allodynia by von Frey filament paw withdrawal threshold (D), paw thermal
sensitivity by Hargreaves test (E), and IENFD of the hind paw (F). Statistical comparisons were
made between the five groups by ANOVA and post hoc Tukey test. *** p < 0.001; HFD, Group # 3 at
2 months compared to all other groups in all parameters.

2.6. Administration of NMN or NR Corrects STZ- or HFD-Induced Alterations in the
NAD+ Metabolome

The targets of NR supplementation are presumed to affect whole body metabolism.
Since sensory nerves die back in DPN, we focused on the DRG. We hypothesized that T1D
and T2D might alter the NAD+ metabolome in DRG and contribute to neuropathy. We
therefore employed LC-MS/MS to measure the NAD+ metabolome in DRG from freshly
euthanized mice. We examined how NR administration influenced NAD+ biosynthesis in
the brains and DRG of HFD mice by measuring the levels of NAD+ and its metabolites.
After 2 months of feeding HFD mice with NR (300 mg/kg/day), the levels of NAD+ were
increased (HFD = 1390 ± 81 vs. HFD + NR = 2140 ± 79 pmol/mg protein; p < 0.01). Smaller
but statistically insignificant increases in the precursors (NR, NMN) and degradation
product nicotinamide (NAM) were observed in NR-treated and HFD-fed mice (Table 4).
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Table 4. NR, NMN, and NAD+ Metabolites From DRG Extracts in CD, HFD or After 2 Months of NR
Treatment. NS = Not Significant.

Parameters.
(p mol/mg Protein) WT Significance

CD
(n = 11)

CD + NR
(300 mg/kg)

(n = 11)

HFD
(n = 11)

HFD + NR
(150 mg/kg)

(n = 11)

HFD + NR
(300 mg/kg)

(n = 11)
1 vs. 2 1 vs. 3 3 vs. 4 3 vs. 5

Group # 1 2 3 4 5
NAD+ 1830 ± 94 2010 ± 98 1390 ± 81 1880 ± 72 2140 ± 79 NS <0.001 <0.05 <0.01
NMN 3.8 ± 0.6 4.4 ± 0.7 4.1 ± 0.8 4.6 ± 0.9 4.7 ± 0.9 NS NS NS NS
NR 3.8 ± 0.7 5.9 ± 0.8 3.6 ± 0.8 5.65 ± 0.5 5.6 ± 0.6 <0.05 NS <0.05 <0.05
Nam 130 ± 13 270 ± 14 190 ± 24 200 ± 23 210 ± 26 <0.005 <0.05 NS NS

2.7. Dietary Supplementation with NR Maintains Mt Bioenergetic Function

To determine whether an NR-induced increase in NAD+ levels in DRG was able to
regulate Mt bioenergetic function, we assessed the cellular bioenergetics profile of sensory
neurons derived from DRG of age-matched CD, HFD, and HFD + NR mice. The oxygen
consumption rate was measured in DRG neuronal culture prepared from 5-month-old adult
mice using the Seahorse Biosciences XF24 analyzer (Figure 3). Basal, oligomycin-sensitive,
and uncoupled respiration were measured by sequential addition with pyruvate and Mt
complex inhibitors including, in order of injection, pyruvate, oligomycin (1.5 mM) to inhibit
ATP synthase, FCCP (0.75 mM) to enable maximal rates of oxygen consumption, and a
combination of rotenone and antimycin A to block respiratory electron flux at complexes
I and III. The maximal oxygen consumption rate induced by the uncoupler FCCP in
cultured neurons from CD mice (513 ± 22 pmol O2/min) was significantly higher (p < 0.01)
compared to DRG neurons from HFD mice (335 ± 15 pmol O2/min), indicating impairment
of maximal electron transport activity in the HFD-fed DRG. DRGs prepared from HFD + NR
mice had a higher maximal oxygen consumption rate (485 ± 18 pmol O2/min). There
was no difference in basal respiration between the groups. The spare respiratory capacity
(maximal respiration minus basal respiration) in DRG neurons was decreased in HFD mice
247 ± 29 pmol O2/min compared to CD mice 340 ± 16 pmol O2/min, p < 0.001 and dietary
administration of NR to HFD mice increased the spare reserve capacity to CD mice levels
(330 ± 16 pmol O2/min). We interpret these results to suggest that although HFD caused a
significant decrease in the maximal oxygen consumption rate, the Mt in DRG neurons from
HFD + NR mice are better coupled and have a higher spare respiratory capacity.
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Figure 3. Mt respiration (n = 6/group). Measurement of Mt function in cultured DRG neurons using
the XF24 analyzer. The oxygen consumption rate was measured at the basal level and with the
subsequent and sequential addition of oligomycin, FCCP, and rotenone + antimycin A (AA) to DRG
neurons cultured from CD, HFD, and HFD + NR 300 mg/kg mice (A). Levels of oxygen consumption
rate were normalized per 6000 cells. From the oxygen consumption rate, basal respiration (B),
maximal capacity respiration (C) and maximal reserve capacity (D) were calculated. The significance
was calculated by ANOVA multiple comparison post hoc Tukey analysis. The statistical significance
is indicated in the figure.; DRG neurons from HFD-fed mice compared to DRG neurons from CD and
HFD + NR 300 mg/kg fed mice. ** p < 0.01.

3. Discussion
3.1. Diabetes and HFD Alter NAD+ Metabolic Pathways

The findings in this study show that improved Mt respiratory capacity caused by
the administration of NMN or NR protected DRG neurons from STZ- and HFD-induced
peripheral neuropathy. The administration of NR increased NAD+ levels in DRG.

The maintenance of NAD+ levels is central to axonal degeneration and regeneration
pathways and to Mt homeostasis, including Mt oxidative phosphorylation, Mt biogenesis,
and nuclear–mitochondrial communication [34,35]. The available evidence suggests that
decreased synthesis and increased degradation of NAD+ in DRG are potential causes for
axonal degeneration in DPN [19,33,36–38]. NAD+ can be synthesized in three ways: (1) de
novo from tryptophan, (2) salvaged from NAM, or (3) from NMN or NR supplementation.
In mammals, the salvage pathway is the predominant NAD+ biosynthetic pathway [39].
The pathway begins with the NAD+ degradation product, NAM, which combines with
5-phosphoribosyl pyrophosphate (PRPP) to form NMN catalyzed by the critical regulatory
enzyme nicotinamide phosphoribosyl transferase (NAMPT) [39]. NMN is then adenylated
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by enzymes to NMN-adenyl transferase 1–3 to synthesize NAD +. Therefore, the inhibition
of NAMPT or NMNAT leads to reduced recycling of NAM and decreased NAD+ [40]. On
the other hand, NR can be converted to NMN by the enzymes NRK1 and NRK2 [18,23].

3.2. Preservation of NAD+ Rescues Axonal Degeneration

In cultured DRG, the concentration of NAD+ was reported to decline after
axotomy [15,21,36]. NAD+ is degraded by enzymes such as SIRT1, PARP1, and
CD38 [18,23,27]. NAD+ is hydrolyzed by the enzyme SARM1 [41]. The activation of
the enzyme DBC1 inhibits SIRT1 activity [27]. The activation of PARP1 or CD 38 or
SARM1 or DBC1 promote axonal degeneration [22–24]. In contrast, the knockout of PARP1,
CD38, SARM1, and DBC1 protect mice against HFD-induced neuropathy or chemotherapy-
induced neuropathy [24–27,42,43]. Proteins that resynthesize NAD+ via the salvage path-
way, such as NMNAT1–3, protect against axonal degeneration [28–32,42,44]. Among the
NAD+ consuming enzymes, SIRT1 is unique because its activation protects against DPN
whereas the inhibition of other NAD+ consuming proteins protect against DPN. We suggest
that the protective pathway might involve inhibiting enzymes that would further degrade
NAD+ by other NAD+-degrading enzymes but at the same time use the limited NAD+ to
activate oxidative metabolism via SIRT1.

3.3. NAD+ Precursors Protect Alterations in Metabolic Syndrome

NR and NMN are better suited to increase NAD+ levels compared to other precursors
of NAD+ such as nicotinamide (NAM) and nicotinic acid/niacin (NA) [45,46]. Importantly,
clinical trials using NR and NMN show that oral administration of NR or NMN was safe
and effectively metabolized in healthy men without causing any significant deleterious
effects [47,48]. NAM has been shown to reverse nerve conduction and neurovascular effects
in experimental diabetes and reduce oxidative stress after two weeks of treatment [49].
Prolonged exposure to NAM may lead to impaired β-cell function, a reduction in cell
growth [50,51], and the inhibition of sirtuins [52,53]. Additionally, methylation of NAM by
the enzyme NAM-N-methyl transferase causes the accumulation of 1-methyl-nicotinamide
(MeNAM), which in turn causes the depletion of methyl donors and the accumulation of fat
in adipose tissue [54–56]. Knockout of NMNT gene, knockdown of NMNT expression with
siRNA, and chemical inhibition of NMNT activity promote the NAD+ salvage pathway via
the enzyme NAMPT and by increasing NMN to resist HFD-induced obesity [54–56]. NAD+

cannot be administered directly due to its toxic effects that include serious hyperglycemia
lasting for hours. Another source of NAD+ is NA. The metabolic factors resulting in DPN
are complex but include both hyperglycemia and hyperlipidemia [1,2,57]. Nicotinic Acid
(NA) is used to treat dyslipidemia by lowering the level of triglycerides and LDL and
raising the level of HDL [58]. Inducing diabetes with STZ or feeding with an HFD caused
a significant increase in plasma glucose, cholesterol, triglycerides, and NEFA. The blood
results showed similar increases in glucose levels between HFD and HFD + NR in mice
or between STZ and STZ + NMN in mice and rats, suggesting that NR and NMN do not
reduce the glucotoxicity induced by STZ or an HFD. Furthermore, NR treatment does not
affect insulin resistance (Table 3).

The major changes observed in HFD + NR compared to HFD or STZ + NMN compared
to STZ were that both NMN and NR prevented increases in triglycerides and NEFA levels
(Tables 1–3), suggesting that both NMN and NR may promote lipid oxidation [59–61]. NA
often leads to severe flushing, mediated by the binding of NA to the GPR109A receptor [62,63].
Therefore, NAD+ precursors that do not activate GPR109A [64] but still increase NAD+

levels, such as NR and NMN, would be clinically useful. Our results on NAD+ metabolites
showed that 2 months of NR administration increases NAM to a lesser extent in HFD-fed
mice (200 ± 23 p mol/mg protein; Table 3) than in CD-fed mice (270 ± 14 p mol/mg
protein). A HFD is associated with a decrease in NAD+ levels, potentially suggesting that
more NR is directed toward the synthesis of NAD+ than toward the degradation product
NAM. Furthermore, both NMN and NR are better suited to increase NAD+ levels because
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the conversion of NMN to NAD+ requires one ATP and the conversion of NR to NAD+

requires two ATPs. In contrast, the conversion of NAM to NAD+ requires four ATPs and
NA to NAD+ requires five ATPs [65].

3.4. HFD-Induced Decrease in Mt Respiration Capacity Was Rescued by NR Administration

Several research groups have shown that the effect of NAD+ precursors is mainly through
the enhancement of Sirtuin pathways. The administration of NR elevates NAD+ levels
and increases the activity of nuclear and Mt NAD+-dependent protein lysine deacetylases,
including sirtuins, SIRT1, and SIRT3. Likewise, NMN treatment ameliorates HFD-induced
insulin resistance by restoring NAD+ biosynthesis and SIRT1/SIRT3 activity [40,45]. SIRT1
promotes the deacetylation of PGC-1α that in turn promotes Mt biogenesis. In support of
this, the administration of NR has been shown to enrich the Mt content in several tissues.

The estimated total intracellular content of NAD+ is in the 0.2 to 0.5 mM range [66,67],
which lies within the estimated Km values of SIRT1 for NAD+. We have shown that NAD+

in the peripheral DRG neurons of diabetic rats and HFD-fed mice is decreased and levels
of NAD+ lie in the lower end of the Km value of the SIRT1 enzyme. This links depleted
NAD+ to DPN and impaired SIRT1 activation. Our results show that the NR-induced
increase in NAD+ levels in DRG neurons were able to stimulate Mt’s bioenergetic function.
Our studies suggest that NR/NMN administration enhances the SIRT1/PGC-1α axis in
neurons and protects against axonal degeneration in diabetic and HFD-fed rodents. The
bioenergetics profile of DRG from HFD-fed mice show a decrease in maximal and spare
reserve capacity, rendering Mt more vulnerable to stress. This decrease in spare reserve
capacity was normalized in DRG neurons from HFD + NR mice. Our recent results also
showed that the bioenergetics profile of hippocampal Mt from NMN administration show
a higher maximal and spare reserve capacity in both non-diabetic and diabetic rats. This
higher reserve capacity is consistent with the idea that increasing NAD+ levels and/or
increasing SIRT1 protein/activity levels primes neuronal Mt to overcome the failure of
bioenergetic function induced by an increased glucose load [68–70]. SIRT1 is central to the
regulation of both Mt function and neuronal preservation [71,72]. For example, SIRT1 uses
NAD+ to deacetylate proteins and the administration of NMN prevents the depletion of
cellular NAD+ to maintain cellular homeostasis. This occurs by regulating the deacetylation
of crucial proteins to maintain quality control via Mt metabolism.

The questions not addressed in this manuscript are (1) can the administration of
NMN or NR reverse DPN? Our results do show that the administration of NMN or NR
reverse DPN impairments. The results of those experiments will be addressed in a separate
manuscript; (2) what is the optimal dose of NR or NMN for DPN treatment? We tried two
different doses of NMN IP, 50 and 100 mg/kg, and two different doses of NR in the diet, 150
and 300 mg/kg. We did not find statistically significant differences in test measurements
between these two doses (Group 4 Vs Group 5 in Table 1 to Table 3 was not statistically
different). Interestingly, NAD+ level showed an increase with NR 300 mg/kg treatment
compared to 150 mg/kg treatment. However, we did not see significant effects on measures
of DPN, suggesting that an increase in NAD+ to basal level (set point) is sufficient to
protect against DPN. Further experiments with varying doses are needed to determine the
appropriate therapeutic dose; (3) The study did not directly address the effect of NMN or
NR on the stress–habituation response. Both experimental (NMN in saline) and control
animals (saline) received the same number of injections at the same volume at the same
time of day using an identical technique. It is therefore likely that the stress–habituation
response would be similar between the experimental and control animals; however, this
was not directly tested. Similarly, the diet consumed by experimental and control animals
was identical except for the use of NR in the experimental diet.

In summary, our results show that IP administration of NMN or dietary administration
of NR prevented the potential pathogenic pathway in diabetic neuropathy. The study suggests
that medications that prevent NAD+ depletion induced by diabetes mellitus and molecules
that activate SIRT may provide a therapeutic intervention for diabetic neurodegeneration.
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4. Materials and Methods
4.1. Diabetes Induction with STZ

All animal protocols followed the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee (IACUC Protocol # 0421009, approved date: 17 May 2021). Sprague
Dawley (SD) rats were purchased from Charles River, Wilmington, MA, USA. The animals
were adapted to the laboratory environment for 1 week before the experiments. Each
animal at 12 weeks old (weighing 264 ± 18 g) was injected by intraperitoneal injection (IP)
with a single dose of STZ (62 mg/kg; Sigma, St. Louis, MO, USA) dissolved in 0.01 mol/L
citric acid solution (pH = 4.5). Control rats received the solvent injected IP. The animals
were then housed individually in a temperature and humidity-controlled environment on
a 12 h light/dark cycle. To prevent hypoglycemia, the STZ-treated rats had free access to
water with 5% dextrose during the first 24 h after STZ injection. The fasting blood glucose
levels in the STZ-treated and control animals were measured 3 days after the treatments.
STZ treated animals with a fasting blood glucose level of 300 mg/dL or 11 mmol/L were
used. Five-month-old C57BL6 mice were used for the STZ injections. Animals that had a
weight loss of more than 20% were euthanized and not included in the study. Sixty percent
of the animals fulfilled the criteria and were used. After confirmation of diabetes, NMN
was administered. NMN was dissolved in saline and injected into diabetic animals at a
dose of 50 mg/kg or 100 mg/kg on alternate days (Monday, Wednesday, and Friday) for
3 months. Control animals were administered with either saline or NMN at a dose of
100 mg/kg.

4.2. T2D Diabetes Induction with HFD

Wild-type C57BL6 mice (3 months old) were fed with a CD or HFD. The CD (Harlan-
Teklad #2018) contained 6.2% fat (18% calories from fat), 18.6% protein (24% calories from
protein), and 44.2% carbohydrate (58% calories from carbohydrate). The HFD (Bio-Serv
#F3282) contained 36% fat (60% calories from fat), 20.5% protein (15% calories from protein),
and 37.5% carbohydrate (26% calories from carbohydrate). One-week after HFD-diet
feeding, NMN was administered. Nicotinamide mononucleotide (NMN) was dissolved in
saline and injected IP into diabetic rats at a dose of 50 mg/kg or 100 mg/kg on alternate days
(Monday, Wednesday, and Friday) for 3 months. The control animals were injected IP with
saline on alternate days. Chronic IP administration of NMN at a dose of 500 mg/kg/day
for 10 days has been previously found to be safe and effective [17]. The total length of the
HFD study was 30 weeks.

4.3. Experimental Design

Experiment Design in Rats (Figure 1 and Table 1): Thirty male SD rats were ran-
domly assigned to 5 groups of 6 per group. Five groups of rats were used; 1. non-diabetic;
2. diabetic; 3. non-diabetic + NMN (100 mg/kg); 4. diabetic + NMN (50 mg/kg); and
5. diabetic + NMN (100 mg/kg).

Group 1 rats, non-diabetic (non-Dia), were injected intraperitoneally (IP) with saline
on alternate days for 2 months; Group 2 rats were injected IP with NMN in saline on
alternate days for 2 months at a dose of 100 mg/kg; Group 3 rats were injected IP with a
single dose of STZ at a dose of 65 mg/kg to induce T1D; Group 4 rats were made diabetic
with STZ injection and injected IP with NMN on alternate days for 2 months at a dose of
50 mg/kg; and Group 5 rats were made diabetic with STZ injection and injected IP with
NMN on alternate days for 2 months at a dose of 100 mg/kg.

Experimental Design in Mice Given NMN (Table 2): We tested whether NMN in-
jection could prevent peripheral neuropathy in 5-month-old C57BL6 mice. There were
5 groups of mice in categories identical to the rat groups. The dose of NMN injected
IP was the same as that of rats, i.e., 50 mg/kg and 100 mg/kg. Considering the surface
area of rats and mice, the dose of 100 mg/kg in rats would correspond to 50 mg/kg in
mice. The dose of 100 mg/kg in mice would represent a higher dose. T1D was induced
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by the administration of STZ. One week before euthanasia, mice were tested for SMNCV,
TML, TSNCV, mechanical allodynia by von Frey filaments, and thermal sensitivity by the
Hargreaves test. IP-GTT were performed on fasted mice as previously described [11]. Mice
were euthanized, blood was collected, hind paws were fixed, and IENFD was quantified
following PGP 9.5 protein staining.

Experimental Design in Mice Given NR (Figure 2): Three-month-old C57BL6 mice
were used. NR was mixed with the HFD at 2 doses of 150 mg and 300 mg/kg and fed for
2 months. This would correspond to a human dose of 1–2 g/day. There were 5 groups
of mice: CD (Group 1); CD + NR (300 mg/kg; Group 2); HFD (Group 3); HFD + NR
(150 mg/kg; Group 4); and HFD + NR (300 mg/kg; Group 5).

4.4. Neuropathy Measurements

Peripheral neuropathy was tested following the guidelines of the European diabetic
neuropathy study group [73]. Mechanical allodynia was assessed using Somedic von Frey
monofilaments [74,75]. Briefly, ordinal numbers were applied gently on the fat part of both
plantar heels until the filament started to bend and this was maintained for ~2 s. The
threshold was defined as the minimal bending force of the thinnest filament sensed by the
animal in an ascending and descending series. A withdrawal response was considered
valid only if the hind paw was completely removed from the platform. The Hargreaves
test was used to test thermal nociception, which assesses small nerve fiber function [11].
Light from a halogen bulb lamp was delivered to the plantar surface of the mouse hind
paw through the base of the glass panel to induce the heat stimuli. The time taken for the
mouse to lift or lick its hind paw was recorded automatically. Nerve conduction studies
were performed as described in [11,75]. The animals were provided with thermal support
and isoflurane anesthesia via a nose cone (1–2%). NCV studies were performed in the left
hind limb and in the tail using platinum electrodes, placed adjacent to the nerve, using a
60–80 mA square wave stimulus for 0.1–0.3 ms to obtain near nerve recordings. The G1 (active)
and G2 (indifferent) recording electrodes were separated by 10 mm. In the left hind limb,
distal latency to the dorsum of the paw and proximal fibular/sciatic conduction velocity were
obtained. Tail NCVs were recorded over a 4 cm distance measured from the base of the tail.
Orthodromic motor conduction velocities were obtained by recording at the tip of the tail and
stimulating with the cathode proximal to the G1 recording electrode. Orthodromic sensory tail
conduction velocities were obtained by placing G1 at the base of the tail and stimulating 4 cm
distally. Sensory responses were averaged until the sensory nerve action potential response
was stable. Tail and limb near nerve temperatures were maintained at 32–33 ◦C. The onset
latency and peak amplitude were measured. IENFD was measured using PGP9.5 antibody
staining in a blinded fashion, as previously described [11,74]. To delineate fiber crossing at the
dermo/epidermal junction, slides were counterstained by dipping in eosin (Sigma-Aldrich
Eosin Y solution HT110316). IENFD was calculated (as fibers/mm) by the number of complete
baseline crossings of nerve fibers at the dermo-epidermal junction divided by the measured
length of the epidermal surface using standardized validated methods [76,77].

4.5. Mt Respiration

DRG neurons from adult mice were cultured as described in [11,78]. In brief, the well
of the Seahorse plate was coated with 250 µL poly-L-lysine (PLL; 100 mg/mL in water)
and laminin (200 µL of 2.5 mg/mL in PBS). DRGs were collected from CD, HFD, and
HFD + NR mice and cultured. After 24 h of incubation, basal, oligomycin-sensitive, and
uncoupled respiration were measured by sequential addition with pyruvate, oligomycin
(1.5 mM) to inhibit ATP synthase, FCCP (0.75 mM) to enable maximal rates of oxygen
consumption, and a combination of rotenone (1 mM) and antimycin A (1 mM) to block
Mt respiration. The basal level of oxygen consumption, oligomycin-sensitive respiration,
maximal respiration capacity, and non-Mt oxygen consumption were measured [11].
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4.6. Quantification of NAD+

A solution of 0.5 N perchloric acid four times the weight of the DRG tissue was added
to the frozen tissue. These samples were homogenized using a Qiagen tissue lyzer. A
10 µL aliquot of the internal standard solution (50 µg/mL in water) was added to the tissue
homogenate. The sample was centrifuged at 1600× g for 10 min at room temperature. Next,
50 µL of supernatant was transferred to a clean 96-deep-well plate and diluted further
with 150 µL of 5 mM ammonium formate and the NAD+ level was quantified following
the protocol of Liang et al. [79]. Briefly, NAD+ analysis in tissue samples was carried out
with QTRAP® 5500 mass spectrometer (AB Sciex, Framingham, MA, USA) equipped with
a turbo-electrospray interface in positive ionization mode. The aqueous mobile phase
was water with 0.1% formic acid and the organic mobile phase was acetonitrile with 0.1%
formic acid. The gradient was 0% formic acid for the first 0.1 min, and then increased to
30% formic acid in 0.9 min, decreased to 0% formic acid within 0.1 min, and maintained
at 0% formic acid for another 0.4 min. The flow rate was 0.8 mL/min and the cycle time
(injection to injection including instrument delays) was approximately 1.8 min. A volume of
1–3 µL of the final extract was injected onto the analytical dC18 column (100 × 2.1 mm,
3 µm, Waters, Milford, MA, USA).

4.7. Statistical Analysis

A comparison of dependent variables was performed on transformed data using factorial
ANOVA with a post hoc Tukey test to determine significant differences between groups.
Individual comparisons were made using Student’s t-test, assuming unequal variances as pre-
viously described [80]. The associations between the Mt function and measures of neuropathy
(NCV and mechanical allodynia) were evaluated using Spearman correlation statistics.
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