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ABSTRACT

Aims: It is known that autonomic nerve activity (ANA) affects glucose metabolism by reg-
ulating the secretion of insulin and glucagon. Sympathetic nerve stimulation results in
increased blood glucose levels. ANA also showed a circadian variation, and sympathetic
nerve activity was minimal at night and began to rise at arousal. Therefore, a drastic alter-
ation in ANA around wake-up would be associated with glycemic variability (GV) known
risk factor for cardiovascular disease. We investigated the relation between ANA around
wake-up and either morning or daily GV.

Methods: We simultaneously performed Holter ECG and continuous glucose monitoring
system in 41 patients with type 2 diabetes (T2D). ANA was assessed by heart rate variability
(HRV) analysis. Delta (A) wake-up was defined as the difference between the maximum and
minimum value during 1 h before and after wake-up time, before breakfast.

Results: A of low frequency/high frequency (LF/HF) around wake-up time (A LF/HF yaxe-up)
was positively associated with A glucose axe-up, Standard deviation (SD) glucose wake-ups
the mean amplitude of glucose excursions (MAGE,4n), and SD glucoseqy, after adjustment
for age, sex, BMI, the duration of diabetes, and the prevalence of diabetic polyneuropathy
(=047, p=0.011, p=0.48, p=0.009, f=0.54, p=0.002 and f=0.41, p=0.0025, respec-
tively). No association was found between A LF/HFyke-up and either mean blood glucose
for 24 h, or HbAlc as parameters of chronic hyperglycemia.

Conclusions: In T2D, the fluctuation in fasting sympathetic nerve activity around wake-up
was positively associated with not only morning but also daily GV.
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1. Introduction

In diabetic patients, spontaneous increase in plasma glucose
from end of the nocturnal period is known as dawn phe-
nomenon [1,2]. Major insulin counter-regulatory hormones,
such as cortisol and catecholamines could account for this
[3,4]. A bidirectionality exists between autonomic nerve activ-
ity (ANA) and glucose metabolism. It is also known that ANA
affects glucose metabolism by regulating insulin or glucagon
secretion. Sympathetic nerve stimulation in the pancreas
causes a decrease in insulin secretion and an increase in glu-
cagon secretion, resulting in elevation of blood glucose levels.
On the other hand, parasympathetic nerve stimulation pro-
motes insulin secretion and a decrease in blood glucose levels
[5-8]. The activity of the sympathetic and parasympathetic
nerve regulates heart rate variability (HRV) assessed by beat-
to-beat modulation of heart rate, and reduced HRV has been
associated with an increased risk of diabetes [9]. We have
recently reported that reduced parasympathetic nerve activ-
ity and increased sympathetic nerve activity assessed by
HRV analysis were associated with the decline of insulin sen-
sitivity in a general population [10]. ANA showed circadian
variation. Sympathetic nerve activity was minimal at night
and began to rise at arousal [11]. Therefore, a drastic alter-
ation in ANA around wake-up would be associated with glu-
cose metabolism and glycemic variability (GV). Recent
studies have reported that not only chronic hyperglycemia
but daily GV is an independent risk factor for cardiovascular
events [12,13]. To our knowledge, no study focusing on the
association of the fluctuation in ANA around wake-up on
GV has been reported.

During the daytime, ANA is affected by physical activity
and food intake, which makes it difficult to maintain the
same condition among examinations, resulting in less repro-
ducibility. In contrast, fasting ANA around wake-up is less
affected by physical activity. Sympathetic and parasympa-
thetic nerve activity drastically changes around wake-up,
suggesting that ANA around wake-up would be a representa-
tive parameter of overall ANA.

In view of this, to investigate the relation between ANA
around wake-up and either morning or daily GV in type 2 dia-
betes (T2D), we simultaneously performed continuous glu-
cose monitoring system (CGM) and Holter ECG recording to
assess ANA over a period of 24 h.

2. Subjects, materials and methods
2.1. Study participants

Fifty-two patients who were hospitalized with T2D were
recruited for the study. Subjects who had defective data
(n=7), marked autonomic failure (n=1), spinal tumor
(n=1), hypoglycemia occurring during 1h before and after
wake-up time (n = 1), or undetermined wake-up time (n=1)
were excluded. Finally, a total of forty-one subjects (20 men
and 21 women) were included in the study. Diabetic polyneu-
ropathy was diagnosed based on the simple diagnostic crite-
ria issued by the Diabetic Diagnostic Neuropathy Study

Group [14,15]. Diabetic retinopathy was defined as simple,
pre-proliferative, or proliferative retinopathy, as diagnosed
by ophthalmologists. Diabetic nephropathy was defined as a
urine albumin creatinine ratio(ACR) of =230 mg/gCr. The study
protocol was approved by the Institutional Review Board of
Ehime University Graduate School of Medicine. Written
informed consent was obtained from all participants before
they were enrolled in the study.

2.2.  Assessment of daily glucose profile using the
continuous glucose monitoring system

Patients were given a standardized diet (25-30 kcal/ideal body
weight, 50-60% carbohydrate of total energy). CGM system
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Fig. 1 - The changes in LF, HF, LF/HF and glucose from 2h
before wake-up to 1 h after wake-up in subjects with T2D.
All values are expressed as mean in every 10 min, the error
bars are standard error of the mean (SE).
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using the iPro2 (Medtronic MiniMed, Northridge, CA, USA)
with an Enlite sensor (Medtronic MiniMed, Northridge, CA,
USA) was performed and data were collected every 5 min
intervals in each patient at days 10 to 14, that is, at the time
when the glycemic condition became stable after their admis-
sion. Since the Holter ECG was performed for 24 h simultane-
ous with the CGM, data was analyzed for 24h in present
study. Based on the CGM data, glucose tended to increase
starting 1 h before wake-up (Fig. 1). Therefore, in each patient,
the standard deviation (SD) or delta (A) for glucose levels dur-
ing the 1 h period before and after wake-up time before break-
fast were calculated as parameters as morning GV (SD
glucose yake-up and A glucose yake-up, respectively). A glucose
wake-up Was defined by the difference between the maximum
and the minimum values during 1 h before and after wake-
up time. The mean amplitude of glucose excursions (MAGE
24n) O the SD of glucose levels for 24 h (SD glucose 241) were
also calculated as parameters of daily GV. MAGE ,4, was cal-
culated by taking the arithmetic mean of the absolute values
of the differences between the adjacent peak and nadirs for
all differences greater than one SD [16]. As the parameter of
chronic hyperglycemia, mean blood glucose during 24h
(MBG ,4n) and HbAlc were evaluated. The analyses of SD,
MAGE, and MBG were performed with the Easy GV software
[17].

2.3.  Assessment of autonomic nerve activity

Patients underwent Holter ECG for 24 h simultaneously with
CGM. Active physical exercise, smoking, and caffeine were
avoided during the test period. Wake-up time was determined
by daily life reports or baseline changes in the ECG in each
patient. ANA was assessed by HRV analysis, which was used
as a non-invasive implement to assess cardiovascular auto-
nomic nerve activity [18]. In each patient, Spectrum analyses
of HRV were performed using the Mem Calc power spectral
density method, with data being collected every 5 min during
24h period (Mem Calc system; Nihon-Kohden, Japan) [19].
Low frequency (LF) which reflected parasympathetic and
sympathetic nerve activity was defined as a level of 0.04-
0.15 Hz. High frequency (HF) which reflected parasympathetic
nerve activity, was defined as a level of 0.15-040 Hz. The ratio
of LF to HF (LF/HF) reflected sympathetic nerve dominant
activity [18]. To analyze the fluctuations in ANA around
wake-up time, we used the data of individuals collected every
Smin and calculated two indices, A during 1h before and
after wake-up time, as the fluctuation in ANA. A HRV yaxeup
parameters were defined by the maximum minus the mini-
mum HRV values during 1h before and after wake-up time
before breakfast.

2.4. Statistical analysis

The characteristics of the study subjects were represented as
means + SD or number (%). In each patient, the mean, SD, and
delta values for morning or daily blood glucose levels were
calculated from the CGM data that had been collected every
5 min intervals during the 2 h around wake-up or a 24 h per-
iod. ANA fluctuations were calculated similarly. We then ana-
lyzed the relation between ANA fluctuation and GV in all

subjects in this study. Data that were not normally distributed
were natural log-transformed for statistical analyses. Multi-
ple regression analyses were performed to examine the rela-
tion between glucose parameters and each of the HRV
parameters. SD glucose wake-up, A glucose wake-upy MAGE 241,
SD glucose ,4n, MBG 24, or HbAlc was used as dependent
variables, and HRV parameters, age, sex, BMI, the duration
of diabetes, and the prevalence of diabetic polyneuropathy
were used as independent variables. Statistical significance
was defined as p <0.05. All analyses were performed using
the JMP 11.0 software program (SAS Institute, Cary, NC, USA).

3. Results

3.1. Characteristics of the study subjects

The characteristics of the study subjects are shown in Table 1.
The mean of age was 64 years old, with 49% being male. The
mean of BMI, the duration of diabetes, and HbAlc were 26,
14.6 years, and 9.4%, respectively. About 80% of the patients
were being treated with insulin. The prevalence of diabetic
polyneuropathy, retinopathy, and nephropathy were 61.0%,
51.2%, and 39.0%, respectively. All patients below ACR
30 mg/gCr had eGFR >30 ml/min/1.73 m?.

3.2.  The fluctuation in LF/HF around wake-up time was
positively associated with glycemic variability in the morning
in subjects with T2D

The changes in HRV parameters or glucose from 2 h before
wake-up to 1h after wake-up time are shown in Fig. 1. The
HF component showed a tendency to decrease, while the
LE/HF ratio tended to increase from 1h before wake-up (p

Table 1 - Characteristics of the study subjects.

All (n = 41)
Age (years) 64 +12
Men / women 20/ 21
BMI (kg/m?) 26.0+5.4
The duration of diabetes (years) 14.6 + 10.8
Systolic blood pressure (mmHg) 121 +15
Diastolic blood pressure (mmHg) 68 + 10
HbA1c (%) 9.4+2.0
(mmol/mol) 80 + 22
eGFR (ml/min/1.73 m?) 64.0 +22.8
Total cholesterol (mmol/L) 43+0.8
HDL cholesterol (mmol/L) 1.1+0.4
LDL cholesterol (mmol/L) 25+0.7
Triglycerides (mmol/L) 1.6+0.8
Treatment with insulin 34 (82.9)
Treatment with GLP-1 receptor agonist 1(2.4)
Treatment with oral hypoglycemic agent 19 (46.3)
Treatment with p-blocker 9 (22.0)
Diabetic polyneuropathy 25 (61.0)
Diabetic retinopathy 21 (51.2)
Diabetic nephropathy 16 (39.0)

Data are presented as the mean + SD, or number (%). BMI, body
mass index;
eGFR, estimated glomerular filtration rate; GLP-1, glucagon-like pep-
tid-1.




Table 2 — The fluctuation in LF/HF around wake-up time was positively associated with morning glycemic variability (GV) in subjects with T2D.

Independent variable = Dependent variable

Model 1 Model 2 Model 3

SD glucose wake-up A glucose wake-up SD glucose wake-up A glucose waxe-up SD glucose wake-up A glucose wake-up

(mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

Stand. p P Stand. f P Stand. f P Stand. p P Stand. g P Stand. f P
A LF yakeup (ms?) ~0.032 0.86 ~0.12 0.50 ~0.059 0.75 ~0.15 0.42 ~0.053 0.78 ~0.14 0.47
A HF waxe up (msz) 0.001 0.95 0.027 0.87 —0.032 0.86 —0.0078 0.97 —0.026 0.89 0.010 0.95
A LF/HF wake-up 0.46 0.009 0.46 0.01 0.45 0.013 0.45 0.013 0.47 0.011 0.48 0.009

Multiple regression analyses were performed involving either SD glucose wake-up OF A glucose wake-up @s a dependent variable, and each of HRV parameters as an independent variable. Model 1:
adjusted for age, sex, and BMI; Model 2: adjusted for age, sex, BMI, and the duration of diabetes; Model 3: adjusted for age, sex, BMI, the duration of diabetes, and the prevalence of diabetic
polyneuropathy. SD glucose wake-up, SD of glucose duringl hour before and after wake-up time; A glucose yaxe-up O A HRV yaxe-up parameters, the difference between the maximum and minimum

values of glucose or HRV during 1 h before and after wake-up time; LF, low frequency; HF, high frequency; LF/HF, ratio of LF to HF.

Table 3 - The fluctuation in LF/HF around wake-up time was positively associated with daily glycemic variability (GV) in subjects with T2D.

Independent variable Dependent variable

Model 1 Model 2 Model 3
MAGE ,4, (mmol/L)  SD glucose 54, (mmol/L)  MAGE 54, (mmol/L)  SD glucose 4, (Mmol/L)  MAGE 24, (mmol/L)  SD glucose 24, (mmol/L)
Stand. p P Stand. f P Stand. f P Stand. f P Stand. f P Stand P

A LF wake-up (msz) 0.11 0.54 0.19 0.29 0.15 0.42 0.26 0.14 0.12 0.52 024 0.19

A HF waxeup (msz) —0.088 0.60 0.038 0.82 —0.042 0.81 0.15 0.39 —-0.078 0.67 0.12 0.51

A LF/HF wake-up 0.52 0.003 0.36 0.050 0.57 0.001 0.43 0.016 0.56 0.002 0.41 0.025

Multiple regression analyses were performed involving either MAGE 54, or SD Glucose 4, as a dependent variable, and each of HRV parameters as an independent variable. Model 1: adjusted for age,
sex, and BMI; Model 2: adjusted for age, sex, BMI, and the duration of diabetes; Model 3: adjusted for age, sex, BMI, the duration of diabetes, and the prevalence of diabetic polyneuropathy. MAGE 54,
mean amplitude of glucose excursions during 24 h; SD glucose 241, SD of glucose values during 24 h; A HRV yareup parameters, the difference between the maximum and minimum values of HRV

during 1 h before and after wake-up time; LF, low frequency; HF, high frequency; LF/HF, ratio of LF to HF.
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for trend =0.027 and 0.013, respectively). Glucose was also
increased during this period (p for trend = 0.0004). To evaluate
the influence of the fluctuation in ANA around wake-up on
GV, we first analyzed the relation between ANA and GV in
the same time period, namely during 1h before and after
wake-up time (Table 2). In multivariable regression analyses,
A LF/HF ake-up Was positively associated with SD glucose
wake-up and A glucose ware-up after adjustment for age, sex,
BMI, the duration of diabetes, and the prevalence of diabetic
polyneuropathy. When further after adjustment for f-blocker
treatment, A LF/HF yake-up Was found to be positively corre-
lated with SD glucose wake-up (f = 0.46, p = 0.015) and A glucose
wake-up (f=0.47, p=0.012). Neither LF yake-up NOr HF yake-up
was associated with GV around wake-up.

3.3.  The fluctuation in LF/HF around wake-up was
positively associated with daily glycemic variability in
subjects with T2D

We then analyzed the relation between ANA during 1 h before
and after wake-up time and daily GV (Table 3). A LF/HF yake-up
was positively associated with parameter of daily GV such as
MAGE 541, and SD glucose 24, When further adjusted for -
blocker treatment, A LF/HF yare-up Was positively associated
with MAGE .4 ($=0.52, p=0.003), and SD glucose o
(p=0.38, p =0.03). Neither LF yaxe-up NOr HF yake-up Was asso-
ciated with indices of daily GV.

3.4.  The fluctuation in LF/HF around wake-up was not
associated with chronic hyperglycemia in subjects with T2D

We further analyzed the relation between ANA around wake-
up and chronic hyperglycemia (Table 4). A LF/HF yaxe-up Was
not associated with MBG 41, or HbAlc in multiple regression
analyses. Neither LF yake-up NOT HF wake-up Was associated
with indices for chronic hyperglycemia.

4, Discussion

In the present study, we demonstrated that the fluctuation in
fasting sympathetic nerve activity around wake-up assessed
by HRV was positively associated with both morning and daily
GV in patients with T2D.

Several studies have shown the association between HRV
parameters and GV in patients with T2D. The nocturnal hypo-
glycemia was positively associated with fasting LF/HF, and
increased nocturnal glycemic variability was inversely corre-
lated with fasting HF evaluated by HRV analysis for 5 min
[20]. A correlation between nocturnal LF/HF and MAGE .4,
was found in patients with T2D treated with diet and/or met-
formin [21]. However, no study dealing with ANA around
wake-up time has been reported previously.

A previous study reported that the dawn phenomenon
could affect overall glycemic control, resulting in an elevation
in HbAlc by 0.4% in T2D [22]. We found that A LF/HF wake-up
was positively associated with fasting serum cortisol and
plasma adrenaline, which are known factors associated with
the dawn phenomenon (data not shown). In addition, the
pancreas is doubly innervated by sympathetic and parasym-
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pathetic nerves. Sympathetic nerve stimulation suppresses
insulin secretion and increases glucagon secretion which
leads to increase in blood glucose. Conversely, hyperglycemia
suppresses sympathetic nerve activation, and insulin secre-
tion is promoted by parasympathetic action, which could lead
to a decrease in blood glucose [8,23]. These suggest that there
would be a close relation among the fluctuation in sympa-
thetic nerve activity around wake-up, insulin counter-
regulatory hormones, and GV around wake-up.

We also found that A LF/HF yake-up Was positively associ-
ated with daily GV, as presented by MAGE 41, and SD glucose
24n. Since MAGE is defined as a variation of 1 SD or more, it is
strongly affected by glycemic excursion during meals [17,24].
Although the mechanism is unclear, the fluctuation in sym-
pathetic activity around wake-up may represent its fluctua-
tion for 24h, resulting in its association with daily GV,
including postprandial hyperglycemia. Indeed, in the present
study, we found that, A LF/HF yaxe-up Was positively associated
with SD LF/HF during 24 h after adjustment for age, sex, BMI,
the duration of diabetes, and the prevalence of diabetic
polyneuropathy (8 = 0.37, p = 0.042).

In the present study, A LF/HF yakeup Was found to be
related to GV including MAGE ,4, and SD glucose .44, but
not related to parameters of chronic hyperglycemia such as
MBG 24 and HbA1c. It has been reported that not only chronic
hyperglycemia but MAGE was associated with cardiovascular
events [25]. GV was associated with the increase of circulating
inflammatory cytokines more than continuous hyper-
glycemia [26]. GV was also associated with oxidative stress
and vascular endothelial dysfunction, and it would induce
cardiovascular events in T2D [27-29]. Therefore, the relation
between the fluctuation in sympathetic nerve activity around
wake-up and the increase in GV could explain a part of the
mechanism underlying the cardiovascular events.

As the progression of diabetes, diabetic neuropathy
including autonomic dysfunction develops, and fluctuations
in ANA assessed by HRV would decrease [30,31]. When the
condition progresses further, the response of autonomic
nerves to hypoglycemia declines and severe hypoglycemia
including its unawareness occurs and it may lead to
increase GV.

Because the subjects in this study had a high prevalence of
microvascular complications, it is necessary to consider the
influence of diabetic neuropathy on HRV analyses or GV.
Indeed, the duration of diabetes was inversely associated with
A HRV yake-up (Supplementary Fig. 1). A HRV yareyp Was
reduced in the group with diabetic polyneuropathy, although
LE/HF or LF did not reach statistical significance (Supplemen-
tary Fig. 2). However, even after adjustment for the duration
of diabetes and the prevalence of diabetic polyneuropathy, A
LF/HF yake-up Was positively associated with morning or daily
GV parameters (Tables 2 and 3, model 3). These results sug-
gest that the association between the fluctuation in sympa-
thetic nerve activity around wake-up time and GV would be
observed regardless of the duration of diabetes.

It is known that hypoglycemia affects ANA [32]. In our
study, we excluded one patient who showed hypoglycemia
during 1h before and after wake-up. We included two
patients who showed asymptomatic level 1 hypoglycemia
(3.0 to 3.9 mmol/L) during sleep. In these two patients, the

LF/HF fluctuation during 1h before and after wake-up was
minimal and no reactive hyperglycemia was observed. When
39 subjects, excluding these two patients, were analyzed, the
results remain essentially the same.

It has also been reported that sleep apnea or variability in
blood pressure is associated with an increase in sympathetic
nerve activity [33-35]. In the present study, there were no sub-
jects with a current or past history of sleep apnea and the
subjects were not evaluated sleep apnea by questionnaires
or polysomnography. After further adjustment for systolic
blood pressure measured on the same day as the Holter
ECG, the results were still similar, although it should be noted
that ABPM was not performed on the subjects.

There are several limitations in the present study. First,
because we excluded the subjects with marked autonomic
failure from the analyses, it is unknown whether A LF/HF
wake-up 18 Positively associated with GV even in the end stage
of autonomic dysfunction. Second, our study was a cross-
sectional design that did not evaluate whether autonomic
nerve imbalance was a cause or consequence of GV. Third,
this study was performed in a single center, and small num-
ber of subjects were analyzed. Fourth, since non-diabetic con-
trol subjects were not recruited, it is still unclear whether the
findings obtained in this study are specific to patients with
T2D. Further studies involving larger numbers of subjects
would be desirable in terms of confirming the conclusions
reached in this study.

In conclusion, the fluctuation in fasting sympathetic nerve
activity during 1 h before and after wake-up was positively
associated with both GV around wake-up and daily GV, but
not associated with chronic hyperglycemia in patients with
T2D.
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