
Coenzyme Q10 prevents peripheral neuropathy
and attenuates neuron loss in the db−/db− mouse,
a type 2 diabetes model
Tie-Jun Sten Shia,b,c,d,1,2, Ming-Dong Zhangb,c,d,1, Hugo Zebergc, Johanna Nilssonc, Jacob Grünlera, Su-Xing Liuc,
Qiong Xiangb,c, Jonas Perssone, Kaj J. Friedd, Sergiu Bogdan Catrinaa, Masahiko Watanabef, Peter Århemc,
Kerstin Brismara,3, and Tomas G. M. Hökfeltc,2,3

aDepartment of Molecular Medicine and Surgery, Rolf Luft Research Center for Diabetes and Endocrinology, Karolinska University Hospital, 171 76
Stockholm, Sweden; bSchool of Life Science and Technology, Harbin Institute of Technology, 150001 Harbin, China; cDepartment of Neuroscience,
dDepartment of Dental Medicine, and eDepartment of Clinical Neuroscience, Karolinska Institutet, 171 77 Stockholm, Sweden; and fDepartment of Anatomy,
Hokkaido University School of Medicine, Sapporo 060-8638, Japan

Contributed by Tomas G. M. Hökfelt, November 30, 2012 (sent for review May 23, 2012)

Diabetic peripheral neuropathy (DPN) is the most common com-
plication in both type 1 and type 2 diabetes. Here we studied some
phenotypic features of a well-established animal model of type 2
diabetes, the leptin receptor-deficient db−/db− mouse, and also
the effect of long-term (6 mo) treatment with coenzyme Q10
(CoQ10), an endogenous antioxidant. Diabetic mice at 8 mo of
age exhibited loss of sensation, hypoalgesia (an increase in me-
chanical threshold), and decreases in mechanical hyperalgesia, cold
allodynia, and sciatic nerve conduction velocity. All these changes
were virtually completely absent after the 6-mo, daily CoQ10 treat-
ment in db−/db− mice when started at 7 wk of age. There was
a 33% neuronal loss in the lumbar 5 dorsal root ganglia (DRGs)
of the db−/db− mouse versus controls at 8 mo of age, which was
significantly attenuated by CoQ10. There was no difference in neu-
ron number in 5/6-wk-old mice between diabetic and control mice.
We observed a strong down-regulation of phospholipase C (PLC) β3
in the DRGs of diabetic mice at 8 mo of age, a key molecule in pain
signaling, and this effect was also blocked by the 6-mo CoQ10
treatment. Many of the phenotypic, neurochemical regulations en-
countered in lumbar DRGs in standard models of peripheral nerve
injury were not observed in diabetic mice at 8 mo of age. These
results suggest that reactive oxygen species and reduced PLCβ3
expression may contribute to the sensory deficits in the late-stage
diabetic db−/db− mouse, and that early long-term administration
of the antioxidant CoQ10 may represent a promising therapeutic
strategy for type 2 diabetes neuropathy.
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Diabetic peripheral neuropathy (DPN) is a debilitating com-
plication of both type 1 and type 2 diabetes, affecting up to

50% of diabetes patients (1–5). DPN can be observed early in
human diabetes (6, 7). Early neurophysiological studies indicated
that at initial stages of the illness, the severity of the poly-
neuropathy was similar in type 1 and type 2 diabetes patients (8).
However, more recent studies showed distinct differences both
in humans and rodent models. Thus, progressive axonal atrophy
and loss are more serious in type 1 diabetes, which in contrast to
type 2 shows nodal and paranodal degenerative changes, as well
as more severe downstream effects on neuroskeletal and adhe-
sive proteins (9).
In type 1 and type 2 diabetes, many patients initially experi-

ence painful diabetic neuropathy, allodynia, which subsides and
then is replaced by loss of sensation, hypoalgesia (5, 10, 11). A
similar course of disease has been noted in the db−/db− mouse
(12), whose diabetic phenotype was originally discovered by
Hummel et al. (13) (SI Text). The db−/db−mouse, just one ofmany
animal models of diabetes (SI Text), has since then been exten-
sively studied as a particularly robust model for type 2 DPN (14).
Previous studies of mammalian DPN models have reported

a decrease in impulse conduction velocity (CV) in several

peripheral nerves, interpreted as being caused by a reduction in
number of large or medium-sized axons (15–20), demyelination
(18, 19, 21–23), or axon shrinkage/atrophy (24, 25). Unmyelinated
and myelinated fibers in the skin are also affected (26). Zochodne
et al. (27) raised the question as to whether diabetes also targets
sensory neuronal cell bodies. However, the authors only observed
few changes in markers in dorsal root ganglia (DRGs) in 12-mo-
old streptotozin (STZ)-treated rats, later confirmed (28, 29). Thus,
the mechanisms behind DPN seem different from the dramatic
phenotypic changes seen in neuronal somata in DRGs after vari-
ous types of peripheral nerve injury (30–32).
DPN develops as a result of hyperglycemia, hypoxia, and in-

flammation, all conditions that cause increased production of
reactive oxygen species. The pathogenic mechanism is attributed
mainly to oxidative stress and also impaired insulin and insulin
growth factor (IGF) activity (33–35). In agreement, the db−/db−

mouse has severe hyperglycemia, inflammation secondary to
hyperlipidemia and obesity, and express markers of oxidative
stress with lower IGF-I activity, reduced IGF-I levels, and in-
creased IGF binding protein-I (2, 33–35).
Coenzyme Q10 (CoQ10) is a well-known antioxidant and has

bioenergetic and anti-inflammatory effects, and protects against
apoptosis of neurons (36–40) and should in principle represent
a relevant approach to treat DPN (36, 41). In fact, beneficial
effects of CoQ10 on DPN in an animal model have been
reported (15), but in clinical trials with short-term treatment
antioxidants lacked therapeutic effects in DPN (41) and in di-
abetes in general (42).
The present study was undertaken to analyze, at different time

intervals up to 8 mo of age, the sensory phenotype of the diabetic
db−/db− mouse with focus on DRGs, using behavioral, electro-
physiological, biochemical, and histochemical methods. More-
over, we monitored the total number of neurons in lumbar (L) 5
DRGs using a stereological counting method. The effect of long-
term treatment with the antioxidant CoQ10 was studied on di-
verse phenotypic changes.
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Results
Metabolic Parameters. The design of the experiments is shown in
Fig. S1. The male db−/db− mice were obese and hyperglycemic
already at 5/6 wk of age (WoA), and body weight and glucose
increased further with age (Fig. S2 A and B). Six months of
CoQ10 treatment did not affect body weight or blood glucose
levels (Fig. S2 C and D). Female db−/db− mice showed similar
changes as the male mice (Fig. S2 E and F). None of the changes
were observed in nondiabetic control mice (Fig. S2 C–F).

CoQ10 Prevents Hypoalgesia. db−/db− and control mice were tested
with regard to sensory parameters at regular intervals (5/6, 8/9,
10/11, 17/18, 32/33 WoA). In the von Frey hair test, the male
db−/db− mice showed a significantly higher withdrawal threshold
(tactile hypoalgesia) than controls at 17/18 and 32/33 WoA (Fig.
1A). In the pin-prick and acetone tests these mice showed me-
chanical hyperalgesia and cold allodynia at 10/11 WoA, but this
was reversed and followed by hypoalgesia at the two later time
points (Fig. 1 B and C). At 32/33 WoA, similar results were seen
in female db−/db− mice both after the von Frey hair test and cold
stimulation (Fig. S2 G and H), even though the results with
noxious stimulation did not reach statistical significance (Fig.
S2I). In the CoQ10-treated db−/db− mice there was no significant
difference from control mice with regard to tactile, mechanical,
and thermal hypoalgesia at 32/33 WoA, both in male (Fig. 1 D–
F) and female mice (Fig. S2 G–I). We also observed that diabetic
animals and controls demonstrated a similar degree of autotomy,
a behavior considered to be pain-related (43), in the ipsilateral
hind paws 1 wk after sciatic nerve transection (Fig. S3).

CoQ10 Prevents the Decrease in Impulse Conduction. The CVs of the
sciatic nerve of the db−/db− mice were reduced at 32/33 WoA in
the in vivo measurements of motor responses from the tibial
branch (26%, calculated from the time shift of muscle responses
at 34 °C) and the in vitro measurements of whole nerve (33%,
at 22 °C) (Fig. 2 and Table S1) compared with control mice. No
difference between the results for female and male mice was
noted. The CoQ10 treatment of the db−/db− mice reduced the

CV decrease: from 26% to 1% in the in vivo motor response
measurements and from 33% to 16% in the in vitro measure-
ments (Fig. 2 and Table S1), assessed by a two-way ANOVA
(Table S2) (P = 0.033 and P = 0.066, for in vivo and in vitro,
respectively). In the db−/db− mice, the compound action poten-
tial, reflecting the composition of axon-size classes, appeared
stretched along the time axis (anisotropic scaling) without spe-
cific dips or peaks, compared with that of controls. This result is
reflected in Fig. 2E, where CVs calculated from two different
time points of the action potential (t1 and t2) (Fig. 2B) were
compared, suggesting an equal CV reduction in the motor and
sensory fibers (correlation coeficient = 0.51). The coefficient of
variation (Cv) varied between 11.4% and 32.6% (Table S1).

CoQ10 Counteracts Neuronal Cell Loss in L5 DRG. The histochemical
study showed a significant reduction in the proportion of me-
dium-sized neuron profiles (NPs) (Fig. 3A) (P < 0.05). The ste-
reological analysis displayed a 32.6% neuronal cell loss in
diabetic male mice at 32/33 WoA compared with controls [6,495
neurons (SD: 1,868; Cv: 0.29) vs. 9,643 neurons (SD: 1,377; Cv:
0.14)] (Fig. 3B and Table S3) (P < 0.05), and this reduction was
only 13.9% after CoQ10 treatment [9,628 neurons (SD: 2,567;
Cv: 0.27) vs. 11,180 neurons (SD: 2,582; Cv: 0.24)] (Fig. 3B and
Table 3) (P > 0.05). At 5/6 WoA there was no difference in cell
numbers between db−/db− and control mice [11,447 neurons
(SD: 2,400; Cv: 0.20) vs. 11,315 neurons (SD: 2,266; Cv: 0.20)]
(Fig. 3B and Table S3) (P > 0.05). Seven days after axotomy
there was no further neuronal cell loss seen in the axotomized
DRGs in 32/33 WoA db−/db− mice compared with control mice
[6,697 neurons (SD: 1,028; Cv: 0.15) vs. 6,329 neurons (SD:
1,257; Cv: 0.20); P > 0.05].

Biomarker Expression in DRG. Western blot analysis revealed
a decrease in the prosurvival factor p-Akt and an increase in the
proapoptotic protein Bax in male db−/db− compared with control
mice at 32/33 WoA, whereas p-Erk1/2 and Bcl-2 did not show
an obvious difference (Fig. S4A).
The immunohistochemical analysis at 32/33 WoA showed that

after peripheral axotomy calcitonin gene-related peptide (CGRP)-
immunoreactive (IR) NPs were significantly decreased to the
same extent (by ∼30%; P < 0.05) in axotomized DRGs of both
diabetic and control male animals (Fig. S4B). Galanin- (Fig. S4C)
and neuropeptide tyrosine (NPY)- (Fig. S4D) like immunor-
eactivities (LIs) were strongly up-regulated ipsilaterally in both
diabetic and control mice. For galanin this was mainly related to
small-sized NPs, and for NPY mainly to medium- and large-sized
NPs (Fig. S4 G and H) both in diabetic and control mice. For
galanin no significant difference was found between the two
groups (Fig. S4C), whereas NPY-LI was increased in fewer NPs in
diabetic compared with control mice (Fig. S4D) (P < 0.05). With
regard to some further axotomy-sensitive proteins, down-regula-
tion of substance P (Fig. S5A andB) was observed in neurons, and
up-regulation, in neurons or glial cells, was observed for super-
oxide dismutase 2 (Fig. S5 C andD), p-p38 (Fig. S5 E and F), Iba1
(Fig. S5 G and H), and GFAP (Fig. S5 I and J), but without any
certain difference between diabetic and control mice.

Phospholipase C β3 Expression in DRG. The level of phospholipase
C β3 (PLCβ3) mRNA (Fig. 4 A vs. B) and protein (Fig. 4 D vs. E)
in DRG neurons was similar in db−/db− and control mice at 5/6
WoA. At 32/33 WoA, a reduction of PLCβ3 transcript was seen
in db−/db− but not in control mice (Fig. 4 F vs. G). With im-
munohistochemistry, a similar percentage of PLCβ3-IR NPs was
found in diabetic and control mice (Fig. 4N), but the intensity of
PLCβ3-LI (fluorescence levels) was significantly reduced in the
diabetic mice (Fig. 4 H vs. I, M) (P < 0.01). Six months after
CoQ10 treatment, the intensity of the PLCβ3-LI was as strong in
DRGs of db−/db− mice as in controls at the protein level (Fig. 4 J
vs. K, M) (P > 0.05). Western blot also confirmed the recovery of
the expression of PLCβ3 after CoQ10 treatment (Fig. 4L).
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Fig. 1. CoQ10 treatment prevents hypoalgesia in male db−/db− mice. (A–C)
Response to innoxious (von Frey filaments; A), noxious (pin prick; C), or cold
(acetone; B) stimulations in db−/db− and control groups at different weeks of
age. (D–F) After CoQ10 treatment, response to mechanical (von Frey fila-
ments; D), noxious (pin prick; F), or cold (acetone; E) stimulations in db−/db−

and control groups at 32/33 WoA. Q10− and Q10+, without and with CoQ10
treatment, respectively. db−/db−, filled columns; control, open columns. *P <
0.05, **P < 0.01, ***P < 0.001 vs. control. All results are means ± SEM n =
5–20 mice.
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Discussion
The present study in db−/db− mice, a type 2 diabetes model,
shows that early, long-term treatment of these mice with the
antioxidant CoQ10 prevents nerve conduction impairment, sev-
eral sensory symptoms of DPN, and maintains DRG neuron
levels of PLCβ3, a key molecule in pain processing. Moreover,
the number of L5 DRG neurons was reduced by 33% at 32/33
WoA in db−/db− mice, a reduction that was significantly atten-
uated by CoQ10 treatment. In contrast, no neuronal cell loss was
observed at 5/6 WoA. We also confirm that the dramatic neu-
rochemical phenotypic changes seen in DRGs of rodents after
various types of peripheral nerve injury (e.g., axotomy or spared
nerve injury) are essentially absent in this particular animal
model of type 2 diabetes.

CV Decrease. Earlier studies on DPN have provided strong evi-
dence for peripheral sensory and motor deficits (15–22), the
mechanisms being differential with respect to experimental type
1 and type 2 models. Internodal structures seem primarily af-
fected in type 2 models, but in type 1 models mainly nodal
structures are affected (44–46). Furthermore, modeling studies
show that the CV is surprisingly insensitive to modified nodal
parameters (47). The present results from the sciatic nerve, both
the in vivo (motor axons) and the in vitro (motor and sensory
axons) measurements, confirm the velocity decrease in the
db−/db− mouse. The results are robust; the in vivo measurements
are supported by the in vitro measurements, where the obser-
vational error is 10-fold smaller than in the in vivo measurements
(see SI Text). The decrease in velocity seems equal for large- and
medium-sized axons, but velocities of smaller-sized axons are
difficult to estimate with reasonable resolution. The higher CV in
the in vivo motor response measurements compared with the in
vitro whole-nerve measurements (approximately fivefold) could
most likely be explained by the different temperatures used in

the measurements and the different ways to estimate the CV
used (Materials and Methods).

Time Course. Many type 2 diabetes patients (5, 10, 48–51) and
animals with diabetes (12, 52) show an initial painful DPN/tactile
allodynia, which subsides and is then replaced by hypoalgesia.
This replacement probably reflects a progressive damage/loss of
nociceptive fibers, and as shown here in the db−/db− mouse,
a substantial loss of DRG neuron cell bodies. We can in part
confirm this biphasic curve herein. Thus, both cold and pain
sensitivities are increased at 10/11 wk and are then replaced
by hyposensitivity.

Neuron Loss. Many studies on diabetes animal models, using
electrophysiological and morphometric methods, have shown
decreased motor nerve CV and degenerative changes in mye-
linated and unmyelinated fibers (19, 27). In contrast, a possible
involvement of the neuronal cell bodies in the DRGs has been
less clear. A reduced perikaryal volume of primary sensory
neurons was noted early (53) and confirmed by Shimosige et al.
(54), but when unbiased stereological methods (55) were used,
no significant change in DRG neuron numbers was observed
in 12-mo-old STZ rats (17, 27). However, a 27% loss of small-
sized DRG neurons has been reported in type 1 diabetic BB/
Wor rats by Kamiya et al. (56). Apoptotic changes in DRGs
have been reported in other experimental diabetic animal models
(SI Text).
Here we show that diabetic db−/db− mice at 32/33 but not at 5/

6 WoA, have around 33% fewer L5 DRG neurons than the
heterozygotes. CoQ10 caused a partial protection against this
loss. To what extent the loss has influenced our own and others’
pain tests in this mouse remains to be analyzed. We observed
a transient increase in cold and pain sensitivity but no mechan-
ical allodynia in the db−/db− mouse. A transient, mechanical
allodynia has been described during the early stage (6–12 WoA)
of diabetes (12). Moreover, we observed a statistical trend for
the reduction of CV in the in vitro study (P = 0.066) and the
significant reduction of CV in the in vivo study (P = 0.033) (see
the legend to Fig. 2 and Table S2). Therefore, we think that the
significant loss of DRG neurons, including medium-sized ones,
may also contribute the reduction of neuronal CV, especially
under in vivo conditions.
Our results show that proapoptotic Bax is strongly elevated

versus a strong decrease in antiapoptotic p-Akt, indicating in-
volvement of the classic apoptotic pathway in the DRG neuron
loss seen in db−/db− mice. Other groups have reported, in DRGs,
low p-Akt levels in STZ mice (57) and low Bcl-2 levels in STZ
rats (58, 59). However, no change in Bax or Bcl-2 was found in
rat DRGs after STZ treatment for 8 wk (28).

Phenotypic Changes in DPN. It is well known that peripheral nerve
injury causes dramatic changes in DRG neurons (30–32). How-
ever, only very few alterations were observed in STZ-treated rats
(28, 29), as well as in the present study. These results strongly

Fig. 2. CoQ10 treatment increases CV of the di-
abetic sciatic nerve at 32/33 WoA. (A) In vivo
measurements. Superponated muscle responses of
the gastrocnemius muscle to stimulation at the
tibial (distal) and the sciatic (proximal) nerve sites,
respectively (Materials and Methods). (B) In vitro
measurements. Superponated compound action
potentials from the sciatic nerve at increasing
stimulation. Measurements at 24 °C. (C) CVs under
in vivo conditions. (D) CVs under in vitro conditions.
Con, control; ConQ10, CoQ10-treated control; db,
diabetic; dbQ10, CoQ10-treated db−/db− mice. Error
bars indicate the SEM. Each data point in C and D is
based on measurements from three to seven nerves (n = 21 in vivo and n = 23 in vitro) (Table S1). An ANOVA (Materials and Methods and SI Text) showed an
interaction effect; CoQ10 treatment is beneficial for nerve CV in db−/db− mice (P = 0.033 and P = 0.066 for in vivo and in vitro, respectively). (E) Relationship
between CVs of fast (v1) and slower (v2) axons. Data from in vitro experiments.

Fr
eq

ue
nc

y

*
0
20
40
60
80
100

1 2 3Small Medium Large

N
um

be
r o

f n
eu

ro
ns

*

32/33 WoA5/6 WoA

0

4000

8000

12000

16000

1 2 3Q10- Q10- Q10+

A B

Fig. 3. CoQ10 attenuates neuron loss of DRG neurons in male db−/db− mice.
(A) Size distribution of DRG NPs of db−/db− and control mice at 32/33 WoA.
(B) Number of L5 DRG neurons in db−/db− compared with control mice at
32/33 or 5/6 WoA. Q10− and Q10+, without and with CoQ10 treatment, re-
spectively. db−/db−, filled columns; control, open columns. *P < 0.05 vs.
control. The results are means ± SEM (for NP) or SD (for number of neurons).
n = 5–6 mice.
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suggest that DPN and the commonly used models of (mechani-
cal) peripheral nerve injury are distinctly different (SI Text).

Possible Role of PLCβ3. Excitatory neuropeptides and neuro-
trophins have been implicated in allodynia during the early phase
of DPN in db−/db− mice (12, 60–64). PLCβ3, expressed in a
subpopulation of DRG neurons, is another molecule involved in
pain processing (65–68). PLCβ3 is down-regulated after pe-
ripheral nerve injury (66) and, as shown here, also in DPN.
Activation of PLCβ3 causes an increase in intracellular Ca2+ and
presumably release of excitatory transmitters, such as glutamate,
and excitatory neuropeptides; that is, the enzyme is pronoci-
ceptive. In fact, inhibition of PLCβ3 causes a long-lasting (∼48 h)
increase in the pain threshold in mice after nerve injury (66). We
hypothesize that the down-regulation of pronociceptive PLCβ3
in db−/db− mice at 32/33 WoA, but not 5/6 WoA, is one factor
contributing to the subsiding of the initial allodynia (ref. 12 and
present study). A possible contribution of CoQ10, and thus of
antioxidant effects, to the involvement of PLCβ3 in the elevation
of the pain threshold needs further analysis. In addition, the loss
of the DRG neurons may be associated with hypoalgesia in late-
stage diabetes. The down-regulation of PLCβ3 may also be involved
in the reduction of the CV, possibly via an associated reduction
of axoplasmic Ca2+ concentration, affecting axoskeletal struc-
tures critical for the impulse propagation (69).

DPN Treatment Strategies. Several strategies have been outlined
for treatment of early, painful DPN (70–74), and for reversal of
neuropathic deficits (75). However, there are fewer opportuni-
ties with regard to the hypoalgesia, which can lead to significant
morbidity by predisposing, especially in the lower extremities, to
injury, ulceration, and ultimately amputation (76, 77).
Intensive metabolic control of blood glucose reduces the in-

cidence of new clinically detected neuropathy, but diabetes patients
can still develop DPN (78). Intensified glucose-lowering therapy
increases the risk of hypoglycemic episodes and can even be
dangerous (79, 80). There is evidence that NGF can improve
hypoalgesia (81) and restore myelinated nerve fiber morphology
(82, 83). The insulin-sensitizer Rosiglitazone prevents develop-
ment of thermal hypoalgesia in DBA/2J mice (84). Moreover,
C-peptide partially prevents DPN in type 1 diabetic BB/Wor rats
(85) and in humans (86, 87). Morphological changes in DRG
neurons were significantly reduced in STZ rats after treatment
(>1 y) with an aldose reductase inhibitor (zenarestat) (54). Re-
cently, methylglyoxal has been identified as a new target for
treatment of DPN (88).
Despite evidence that antioxidant processes play an impor-

tant role in the pathogenesis of diabetes, a recent review
concluded that “there is not any established benefit for short
term treatment (3 months) with CoQ10 antioxidants use in the

(clinical) management of diabetic complications” (42). How-
ever, Ayaz et al. (15) have shown that treatment of STZ rats
with CoQ10 for 5 wk stops the shift toward slower CVs. CoQ10
treatment improves endothelial function and blood flow; thus,
long-term treatment may be effective by improving oxygenation
of the peripheral nerves (89). Finally, Hernandez-Ojeda et al.
(90) reported that a 12-wk treatment with ubiquinone signifi-
cantly improves diabetic polyneuropathy in patients with type
2 diabetes.
Our results indicate that early, long-term (∼6 mo), peroral

treatment with CoQ10 can prevent the late hypoalgesia (decreases
in mechanical hyperalgesia and cold allodynia) associated with
DPN in 8-mo-old db−/db− mice. This finding includes a signifi-
cant effect of CoQ10 on the CV impairment in the sciatic nerve
of db−/db− mice, shown both in vivo and in vitro experiments,
probably with a similar effect on all axon classes (SI Text). In
addition, CoQ10 prevents the late sensory deficits associated
with DPN, including the reduction of PLCβ3 expression in
DRGs. Finally, CoQ10 significantly counteracts the marked loss
of DRG neurons (SI Text). The reason for the profound, pre-
ventive effects with CoQ10 in our studies may be the early start
of the treatment, in fact essentially initiated parallel to elevation
of glucose levels.
The mechanisms underlying the results after CoQ10 treatment

remains to be elucidated. In a parallel study on db−/db− mice
with a similar design involving CoQ10 treatment, but focusing on
kidney function, evidence is provided that oxidative stress acti-
vates uncoupling protein 2 (91). CoQ10 treatment reduces oxidative
stress and uncoupling protein 2 protein levels, as well as normalizes
oxygen consumption, and prevents mitochondrial fragmentation
(91). Possibly, similar mechanisms operate in DRGs, leading to
preserved sensibility and reduced loss of DRG neurons.
In conclusion, by using db−/db− mice we demonstrate marked

effects of CoQ10 on preventing development of DPN, counter-
acting nerve conduction impairment and neuronal phenotypic
changes, as well as protecting against neuron loss. These data
identify CoQ10 as a potential candidate for future treatment of
DPN in type 2 diabetes.

Materials and Methods
Animals. C57BL/KsJm/Leptdb (db−/db−) mice (Stock 000662) and their nor-
moglycemic heterozygous littermates were obtained from Charles River
Laboratories. The mice were housed, fed, and treated with CoQ10. The
commercial basal diet contained 18.5% protein, 55.7% carbohydrates, and
4% fat but not cholesterol. CoQ10 was dissolved in acetone followed by
impregnation of the pellets. CoQ10 was added to the food pellets (1 g/kg),
starting at 7 WoA until 32/33 WoA. The experimental procedures were ap-
proved by the Northern Stockholm Ethical Committee for Care and Use of
Laboratory Animals.
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Fig. 4. CoQ10 treatment prevents a reduction of
PLCβ3 expression in diabetic DRGs of male mice. (A–
E) Studies on DRGs of db−/db− and control mice
showing PLCβ3 mRNA (A–C) or protein expression (D
and E) in db−/db− (A and D) and control (B, C, and E)
mice at 5/6 WoA, respectively. (F and G) PLCβ3 mRNA
in db−/db− (F) and control (G) mice at 32/33 WoA. (H–
K) PLCβ3-LI in db−/db− (H and J) and control (I and K)
mice at 32/33 WoA without (H and I) or with CoQ10 (J
and K) treatment. (L) Western blot shows PLCβ3 in
db−/db− mice (Left bands) and db−/db− mice treated
with CoQ10 (Right bands). (M and N) Intensity (M) or
percentage (N) of PLCβ3-IR NPs in db−/db− and con-
trol mice with or without CoQ10 treatment. **P <
0.01 vs. control. The results are means ± SEM db−/
db−, filled columns; control, open columns. n = 5–10
mice. [Scale bars: 50 μm (A = B and C; D = E; F = G and
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Blood-glucose levels, body weight, and sensory thresholds were analyzed
at regular intervals between ages 5/6 and 32/33 wk. Expression of selected
markers was studied in L4 and L5 DRGs at the transcript and protein levels at
32/33 WoA, and some parameters in 5/6-WoA mice (SI Text). The design of
the experiments is shown in Fig. S1.

Nerve Injury Model. The left sciatic nerve was transected (axotomy) at mid-
thigh level under isoflurane anesthesia, and the animals were allowed to
survive for 7 d after surgery (SI Text).

Behavioral Tests. Mechanical allodynia threshold was assessed using von Frey
monofilaments, mechanical hyperalgesia using the pin-prick test, and cold
allodynia by applying a drop of acetone solution (SI Text). After axotomy, the
onset, extent, and incidence of autotomy were recorded by using modified,
previously published methods (SI Text).

Electrophysiology. For the in vivo experiments, the sciatic nerve was exposed,
and the CV was calculated from the time-shift (Δt) of the responses of the
gastrocnemius muscle to electrical stimulation at two locations of the nerve
(Fig. 2A). For the in vitro experiments, a section of the nerve was excised and
transferred into a temperature-controlled recording chamber. The distance
between stimulating and recording electrodes was variable and measured
with a caliper, and action currents were sampled at 100 kHz. The CV was
calculated from the time from stimulation artifact to peak of the compound
action potential (t1) (Fig. 2B). The in vivo CV experiments were carried out at
34 °C, whereas the in vitro experiments were mainly done at room tem-
perature, but also in the range from 5 to 35 °C.

To compare the CV of the in vivo and in vitromeasurements, we determined
the temperature dependence between 5 and 35 °C (SI Text). To compare the CV
of different fiber size classes, we used measurements of t1 and t2 (time from
stimulation artifact to the trajectory-baseline crossing) (Fig. 2B).

Western Blot Analysis. Total protein of L4 and L5 DRGs from db−/db− or
heterozygous mice was extracted and processed for the analysis. Antibodies
for markers used are listed in SI Text. The membranes were incubated with
HRP-conjugated secondary antibodies, developed (Amersham Biosciences)
and exposed to X-ray film (SI Text).

Immunohistochemistry. Animals were deeply anesthetized and fixed by vas-
cular perfusion with formalin. The L5 DRGs were dissected, frozen, and cut in
a cryostat. The sections were incubated with various antibodies/antisera and
reagents (listed in Table S4) and processed using a commercial kit (TSA Plus;
NEN Life Science Products). The sections were analyzed in a Bio-Rad Radi-
ance Plus confocal scanning microscope. For quantitative evaluation of NPs,

the percentage and intensity of IR DRG NPs was counted (SI Text). The
size distribution of NPs was measured using the Nikon Eclipse E 600 fluo-
rescence microscope with Wasabi Image Software, as described in earlier
studies (SI Text).

Stereology. The counting was performed using a Leica TCS SPE Systems (D-
35578) confocal laser-scanning system. The total number of L5 DRG neurons
was monitored as described previously (92), based on the Cavalieri method
for volume estimation of the DRG (55) using L5 DRGs from db–/db– and
heterozygous control mice. The number of neurons was calculated as the
product of the DRG volume and the numerical density (SI Text).

In Situ Hybridization. Db–/db– and heterozygous control mice were de-
capitated, the L5 DRGs dissected and cut in a cryostat. The sequences of the
synthetic oligonucleotides complementary to mRNA encoding PLCβ3 are
listed in SI Text. Probes were labeled at the 3′- end with [33P] ATP using
terminal deoxynucleotidyl transferase. Hybridization procedure and control
experiments were carried out as previously described (93) (SI Text).

Statistical Analysis. Regarding the percentage, intensity, and size distribu-
tion of positive NPs or the number of neurons in DRG neurons, data were
expressed as mean ± SEM (for NP) or SD (for neuron number). Differences
between groups were compared using Student t test (two groups). Some
data (n = 5 samples) were also tested by the nonparamettric Kruskal–Wallis
test and Mann–Whitney test, and the same statistical results were obtained.
A P value less than 0.05 was regarded as being significant.

For the electrophysiological study, a factorial ANOVA was used to assess
the statistical significance of the outcome of the experiments, with the two
independent variables being the presence of diabetic neuropathy and CoQ10
treatment, and the dependent variable the CV. The significance levels were
set to α = 0.05. The Shapiro–Wilk test was used to test if data were normally
distributed (94) (SI Text).
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