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| Abstract |

PURPOSE: The aim of this study was to review the effects
of exercise intervention on blood glucose control in obese type
2 diabetic patients.

METHODS: The PubMed and KERISS search engines
were used and 61 papers that met the key questions were
selected.

RESULTS: Exercise is an effective intervention for the
control of blood glucose in type 2 diabetic patients because it
does not impair glucose transport in the skeletal muscle
induced by muscle contractions. Insulin resistance, which is
characteristic of type 2 diabetes, is caused by decreased

insulin sensitivity or insulin responsiveness. Acute exercise

tCorresponding Author : Wan-Soo Kim
wsk115@daegu.ac.kr, http://orcid.org/0000-0003-4476-1816
This is an Open Access article distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

improves the glucose metabolism by increasing the
insulin-independent  signaling pathways and insulin
sensitivity in the skeletal muscle, and regular long-term
exercise improves the skeletal muscle insulin responsiveness
and systemic glucose metabolism by increasing the
mitochondrial and GLUT4 protein expression in the skeletal
muscle.

CONCLUSION: The improvement of the glucose
metabolism through exercise shows a dose-response pattern,
and if exercise consumes the same number of calories, high
intensity exercise will be more effective for the glucose
metabolism. On the other hand, it is practically difficult for a
patient with obese type 2 diabetes to control their blood
glucose with high intensity or long-term exercise. Therefore,
it will be necessary to study safe adjuvants (cinnamic acid,
lithium) that can produce similar effects to high-intensity and
high-volume exercises in low-intensity and low-volume

exercises.

Key Words: Exercise, Insulin responsiveness, Insulin

sensitivity, Obesity, Type 2 diabetes
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Initial hits: 293
MEDLINE: 250
KERISS: 43

100 duplicates removed

i

A

193 Studies reviewed
90 studies removed that are only
abstract or poster
103 Studies reviewed

i

of the content of the original

(42 studies removed after re-assesse the
text and key questions

[Total number of relevant studies = 61]

Fig. 1. The process of data extraction.
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Table 1. General characteristics of studies included in systematic review

Reference Sample

Intervention

Findings

Arias et al. (2007) Male Wistar rats
- Sedentary

- IPEX

Brozinick et al. (1994) Sprague-Dawley rats
- In vitro study

Calegari et al. (2011) Male Wistar rats
- In vivo study

+ 3 times/week, 8 weeks

+ 5 times/week, 8 weeks

Camera et al. (2010) 8 trained human
- 2942 yrs

rep.)
Cartee et al. (1993)  Male Fischer 344/
brown norway F1 hybrid
rats

- 3.5, 13, 25 month

+ Insulin-induced muscle contraction

Endurance training

o | times/week, 8 weeks

+ Endurance exercise

(Cycling, 70%VO;max, 60 min)
+ Resistance exercise

(Leg extension, 80% 1-RM, 8x5

3-O-methylglucose

+ Endurance exercise (Swim, 2 hr) ¢ Exercise increased AS160

hosphorylation (P<.05)

+ Electric-induced musclecontraction ¢ Insulin and muscle contraction are

mobilizing two separate pools of GLUT-4

protein

Increase in skeletal-muscle glucose uptake
due to insulin + contraction is not due
to an increase in plasma-membrane
GLUT-4 protein

Chronic endurance exercise induces
adaptations in Pp-cells leading to a
reduction in glucose-induced insulin
secretion, probably by activating the
AMPK signaling pathway.

100% increase in mTOR phosphorylation
at 30~60 minutes after end of exercise
(endurance exercise-use 660 kcal,
resistance exercise-use 130 kcal)

+ Muscle glucose transport rate w/ ¢ Epitrochlearis GLUT-4 levels were

reduced by 29% between 3.5 and 13 mo
of age in sedentary rats but did not decline
further between 13 and 25 mo of age

GLUT-4 levels were moderately but

significantly related to epitrochlearis

muscle capacity for insulin-stimulated
3-MG transport
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Reference Sample

Intervention

Findings

Combes et al. (2015) 9 trained human
- 2245 yrs

Consitt et al. (2013)
- 18~84 yrs

Cortez et al. (1991)  Obese Zucker rats

21 sedentary human

¢ Endurance exercise
(Cycling, 70%WRpeak)

¢ High-intensity interval exercise
(Cycling, 30 min/30x1 min)

+ Endurance exercise(Running,
75%V0;max, 3x60 min,
10 wks)

¢+ One- bout treadmill exercise

Phosphorylation of CaMKII increased
2.7-fold after high-intensity interval
exercise compared to the same exercise
or continuous endurance exercise

Improve insulin function of whole body
Insulin induced phosphorylation AS160

was Increased (~70%)

Only the HI training resulted in a

- Sedentary controls significant increase in the 3-MG transport

- Low-intensity (LI) of the fast-twitch white fibers

- High-intensity(HI)

Only muscles with an increased citrate

Etgen et al. (1996)  Zucker rats
- Lean or Obese

- In vitro study

Fiirnsinnet al. (1997)
- In vitro study

Goodyear et al. (1991) Male Wistar rats
- In vitro study

Harrell et al. (2007) Lean Zucker rats

- In vitro study

Junget al. (2017) Male Wistar rats

- In vitro study

Obese Zucker rats

Assesse3-0-methyl-D-glucose trans e
-port, 2-N-4-(1-azi-2, 2,
2-trifluoroeth-yl)-benzoyl-1,
3-bis-(D-mannos-4-yl -oxy)-2-
propylamine(ATB-BMPA)-lab
-eled cell surface GLUT-4 protein

2-deoxy-D-[3H]glucose transport ¢

rate in soleus muscle

Plasma membrane glucose
transporter number, measured by
cytochalasin B bindingin muscle of
exercised rats

Examined the effects of lithium on
glucose transport activity glycogen
synthesis, insulin signaling
elements and the stress-activated
p38 mitogen-activated protein
kinase

Examined the effects of
Lithium-induced
3-0-methyl-D-glucose transport
rate

synthase activity demonstrated an
improved insulin-stimulated glucose
transport

Contraction-induced changes in glucose
transport directly corresponded with the
observed changes in cell surface GLUT-4
protein

Reduced glucose transport response to
insulin in skeletal muscle of the obese
Zucker rat appears to result directly from
an inability to effectively enhance cell
surface GLUT-4 protein

Lithium distinctly stimulates glycogen
synthase activity in skeletal muscle

Exercise recruits transporters to the
plasma membrane from an intracellular
microsomal pool

Both exercise and insulin stimulate the
translocation of GLUT-4 in skeletal
muscle, while GLUT-1 is not altered

Lithium enhances basal and
insulin-stimulated glucose transport
activity and glycogen synthesis in
insulin-sensitive rat skeletal muscle, and
that these effects are associated with a
significant enhancement of GSK-3beta
phosphorylation

Co-treatment of lithium with insulin, and
muscular contraction had a synergistic
effect on glucose transport rate in skeletal
muscle
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Reference

Sample

Intervention

Findings

Katta et al. (2009)

Kennedy et al. (1999)

Kleinert et al. (2014)

Klip et al. (1990)

Luo et al. (2013)

Mascher et al. (2011)

Merrill et al. (1997)

Nitert et al. (2012)

Prabhakar et al. (2011)

Pugh et al. (2015)

Male Zucker rats
- Lean
- Obese

10 human subject
- 5 type 2 DM
- 5 healthy CON

Female C57BL/6 mice
- In vivo study

Male Wistar rats
- Diabetic
- Nondiabetic

18-20 month old rats

10 untrained human
- 2342 yrs

Male Sprague-Dawley
rats

13 healthy human
- 3744 yrs

3T3-L1 adipocytes

10 untrained human
- 21£1 yrs

+ A single bout of resistance exercise

+ One at rest and one 3-6 weeks later
from the opposite leg after 45-60
min of cycle exercise at 60-70% of
VO,max

AZD8055 and rapamycin injection

experiments

2-deoxyglucose (2-DG) uptake

Basal and insulin-stimulated
glucose uptake into hindquarter
muscles

Resistance exercise training

(Climbing, 1 m ladderx 5° incline
with weights, 9 weeks)

Endurance exercise (One-leg
cycling, 65~70%V0O,max, 60 min)

Hindlimb perfusion w/ or w/o
AICAR

Endurance exercise
(Cycling/Aerobic dance, 3x60 min,
26 wks)

¢ 2-deoxyglucose uptake rate

¢ Incubate with phytochemicals
(cinnamic acid etc.) and commercial
oral hypoglycemic drugs

+ Resistance exercise(Leg extension,
70% 1-RM, 4x8rep)

+ High-intensity endurance
exercise(Cycling, 90% HRmax,
Imin)

Contraction-induced activation of p70S6k
signaling is altered in the muscle of the
insulin resistant obese Zuckerrat.

GLUT4 translocation is an important
cellular mechanism through which
exercise enhances skeletal muscle
glucose uptake in individuals with type
2 diabetes

Acute mTOR inhibition is detrimental to
glucose homeostasis in part by blocking
muscle mTORC2, indicating its

importance in muscle metabolism in vivo

Insulin signalling and recruitment of
GLUT-4 glucose transporters occur in
diabetic rat muscle, and that the
diminished insulin response may be due
to fewer glucose transporters operating
in the muscle plasma membrane

The benefits of RET are associated with
increased autophagy activity and reduced
apoptosis of muscle cells by modulating
IGF-1 and its receptors, the Akt/mTOR
and Akt/FOXO3a signaling pathways in
aged skeletal muscles

ThemTOR phosphorylation was increased

in proportion to time after exercise

Decreases in muscle content of
malonyl-CoA can increase the rate of
fatty acid oxidation.

Decreased DNA metylation of

calcium-induced gene after training

Chlorogenic and cinnamic acids increased
the expression of PPARy
Phytochemicals wereable to reduce the

expressions of the fatty acid synthase and
HMG CoA reductase genes

When combined with resistance and
endurance exercise, mTOR
phosphorylation increased by about 30%
compared to the resistance exercise alone
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Reference

Sample

Intervention

Findings

Ryder et al. (2000)

Sharoff et al. (2010)

Sriwijitkamol et al.
(2007)

Stuart et al. (2010)

Tabata et al. (1994)

Thomson et al. (2008)

Vendelbo et al. (2014)

Vissing et al. (2013)

Wallberg-Henriksson
et al. (1988)

18 human subject
- 9 type 2 DM
-9 healthy CON

16 healthy human
- 9 metformin treat
- 7 placebo

28 human subjects
- 12 type 2 diabetic
- 8 obese

- 8 lean

6 sedentary human
- 27£2 yrs

Male Wistar rats
- In vitro study

Fischer 344 x Brown
Norway male rats
- In vitro study

8 trained human
- 264 yrs

24 untrained human
- 23+1 yrs

Male Wistar rat
- In vitro study

¢ Euglycemic-hyperinsulinemic
clamp
+ Muscle biopsy studies

¢ Glucose transport rate

+ 1g twice/day metformin(l4day)
+ One-bout cycling(30 min at 65%
— 10 min more at 85% VO2peak)

+ Cycle ergometer for 40 min. .

+ Muscle biopsies(pre-, post-exercise)

+ Endurance exercise
(Cycling, 70~85% HRmax,
30~70min, 6wks)

+ Examined the effects of
lithium-induced
3-0-methyl-D-glucose transport
rate

*+ 22-min bout of lengthening
contractions by high-frequency
sciatic nerve electrical stimulation

Endurance exercise
(Cycling, 65% VO;max, 60min)

Resistance exercise
(Leg extension, 4~5-RM,
3x8x5rep, 10wks)

Examined the effects of
insulin-induced
3-0-methyl-D-glucose transport
rate after a bout of exercise

Reduced GLUT4 translocation is
therefore a major contributor to the
impaired glucose transport activity in
skeletal muscle from type 2 diabetic
subjects

Combination of short-term metformin
treatment and an acute bout of exercise
does not enhance insulin sensitivity

PGC-1 gene expression : Type 2 DM

| Lean subject 1

Obese type 2 diabetic subjects may need
to exercise at higher intensity to stimulate
the AMPK-AS160 axis to the same level
as lean subjects

GLUT4 protein 66% 1
phosphor-mTOR 83% 1

The effects of lithium on glucose transport
and metabolism in skeletal muscle are
strikingly similar to the persistent effects
of exercise.

Translational signaling downstream of
Akt/mTOR can be inhibited after
lengthening contractions when preceded
by AMPK activation

At 30 minutes after the end of the exercise,
hosphorylation of AS160 and TBCID1
was increased

AMPK phosphorylation increased about
10%

mTOR/p70S6K increased
phosphorylation (91~281%) until 2~22
hours immediately after exercise

After 180 min, when approximately 66%
of the exercise-induced increase in sugar
transport had worn off

IPEX: immediately postexercise, WRpeak: peak work rate, VOmax: maximal oxygen consumption per minute, HRmax: maximal

heart rate, CaMKII: calcium/calmodulin-dependent protein kinase II, mTOR: mammalian target of rapamycin, AS160: 160kDa Akt

substrate, TBC1D1: TBC1 domain family member 1, RM: repetition maximum, VO,max: maximal oxygen consumption per minute,
HRmax: maximal heart rate, Wmax: maximal work rate, AS160: 160kDa Akt substrate, GLUT4: glucose transporter 4, AMPK:
5" adenosine monophosphate-activated protein kinase, mTOR/p70S6K: mammalian target of rapamycin/p70S6 kinase
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Table 2. Risk of bias for randomized & non-randomized controlled trial studies

Risk of bias

Domain
High Low Unclear
Randomized controlled trial studies (n=50)
Allocation concealment (selection bias) - 47
Blinding of participants and personnel (performance bias) - 48 2
Blinding of outcome assessment (detection bias) - 50 -
Incomplete reporting (reporting bias) - 50 -
Random sequence generation (selection bias) - 49 1
Other bias - 50 -
non-Randomized controlled trial studies (n=11)
Blinding of the outcome assessments - 11 -
Confounding variables - 8 3
Incomplete outcome data - 11 -
Measurement of exposure - 11 -
Selection of participants - 7 4
Selective outcome reporting (reporting bias) - 11 -
(risk of bias assessment tool for non-randomized study)& Glucose |
A-gste] BT 7k AHe Table 29F 2o P et Recoptor
: Contraction

o] ZA|8H= GLUT4S A Zuta} 7} A 2Ht-tubules) O
2 HYAA 2A20 EEY AHE 75 it
(Goodyear®} Kahn, 1998; Hayashi %, 1997) (Fig. 2).Q1&
U2 ded 8Ae Agsto] ofE AT,
phosphatidyl inositol-3-kinase (PI3-K)&} serine/threonine
kinase AktES ZASIAZI o Z R GLUTS A¢ o] Al
3} Al& Bz}l Akt/protein kinase B (Akt/PKB)%}
Ras-related C3 botulinumtoxin substrate 1 (Racl), TBC1
domain family member 1 (TBCID1), 160 kDa Akt substrate

Pls-kinase
dependent
signals

Ca2+/CAMK

PI3-kinase: phosphatidyl inositol-3-kinase, GLUT4: glucose
transporter 4, AMPK: 5' adenosine monophosphate-activated
protein kinase, CAMK: Ca’*/calmodulin-dependent protein
kinase

Fig. 2. The signaling pathway of muscle glucose uptake.
(AS160)5 =45t &

o1& $~84|9} Insulin receptor substrate 1 (IRS-1) QIAF
3} 9 PI3-K EA 3= FshA, Al ofjv 7] el
W3}l = Adenosine monophosphate (AMP)/adenosine
triphosphate (ATP)Q] W] & Z7} E= HEU| Ca™ 423
9] 27}, protein kinase C (PKC)2] A= Z7} 59
oA g@aso] A2y Aadgr|de E493tsta
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A Insulin Glucose

Glucose Transport Rate

Insulin Concentration

GLUT-4: glucose transporter 4, IRS-1: insulin receptor substrate
1, PI3-kinase:phosphatidyl inositol-3-kinase. A; Insulin
sensitivity is a transient phenomenon resulting from increased
GLUT4 translocation from temporary storage pool to cell
membrane. B; Increased insulin sensitivity (solid line) leads to
increased glucose transport even at low insulin concentrations

Fig. 3. Insulin sensitivity.

GLUT4E A9IAA 242 229 o5& 577
= Ao &2 AR tHGoodyear 5, 1991).
Tk, Al 27 Gt Bk Aol B4k 9
GLUT47} ZA3tol| = B-75}a1, IRS-1 E| 241 ¢4k}
o} AK/PKB 2H, AlZ=to 20] GLUT4 Ho] 59 A%
oz AT el 4% dgo] fFEHA o=
(Ryder &, 2000). ZHA, L% F 2 o)F
713l ogt ZAT W e o]L 2ALE|R] okow]

1. U3ld 23 Mt 2 ==

U3 T TADY =T A3 AR HAE
S7HN71AL, &5F 29I 2 £ 57}9} oA
=227 Aol SRt daFe vAH, &5 F 21
FA QTS EAsHcKBergstrom @} Hultman, 1966).
+E< B ol tiAt Bishs e XiffW% Zkn
Ue Al 2F T Ao d 24 74
= ek g#ol, 1900\ to] 52 & 13; A 23
elo] 13 ol AAY AEAL /1AL W]
9130 BHe A7) o) RolA giTk AT SA &%
< Qe oA B e v Ay 71d
ol o AIYWRY 2= 5S F7H7IA
Q 2
7

Adud BHOYEA Ak &5 T H &F ‘?"ﬂ +rolst

by L8 AR

A Het, 719 B &5 TR T 3M4ARH AR

= Zog ®Biri Qlti(Wallberg-Henriksson 5,

1988). L2t 5ol ola) FarE BAwT 1419

o 8% TR % of 14A7 o)

Z7k57] AR OF 448 A17F 0k A4 T THArias 5,

2007). o= GLUT4¢] o84 5717k obd Al Zefe =9

49 272 el ANF WAy gRoln
(Cartees, 1993)(Fig. 3).

Maarbjerg 5(2011)°] 95t U3 &5 Qe
NFAD A 2 2oHAE 0] RSI, PBK, Akt 3H
9] Z7}= uehix] 9ot aPKC, Racl, TBCID4,
Tchu} 7ro. 219 2] zjrg 1}4 kel cﬁ

LS,

B

go} GLUT42] 9]
g 23] A% @#@% %7bA70 Aelek. ol
2l

2ollA] Ut

(Réhling 5, 2016). 12jL}, F2 Ao oJshd &%
g oux) uje B 1 o5 2w o))
QU 487 mET o) B8 2GS vlAe
AR HIED °‘q %, 43]9] AT &-565~75%
VOsmax, 45~60+2) & AHde 7 4ele &
E0]aL, THUHA 2 Ao A= Qlad 849
IRS1/29] 241 Q4ks} =5 F7HAIZT FAlOl
P3KS] B T2 2714 7]H, Racl, AS160, TBCID1Z}
72 GLUTA4 A 9jo] Tofahi Agjeleal Az
oI5 EASIA Itk Zl o] ti(Maarbjerg 5, 2011;
Sylow 5, 2014). Wojtaszewski 5{(2000)2> 1ol&HE =

- AFE 323 I (hyperinsulinemic-euglycemic clamp)S

iﬂé
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=3 Zo)ArAd FFH(Maximal oxygen uptake per
minute: VO,max) 2] 18~23% 7=l A] 6057H2] 3}A|&
5o AT T AR A& A=) ofg 29l

%9 Z]"‘] tﬂﬁ]—-—— TI’EO]'7] Oﬂl‘: %—EL’@‘]—Z] E—(;I_O:] , o]
H 25 AL E 1~3 VO A7] A=+Eut of g}
455 =0} 18 m/min £ AV]|= ol&E Al AL

AN 7710 SRS R AR YEyT
(Goodyear =, 1995). 28| B 8, 275 o]Ake] x4
< HlEEAe] A B AES F4sH St
A FHE o5t A T A 7A %
59 ¢led AT AA e 3

off > H

N o

o = rlo
il
fr oo
> 7

2
B
o
o

Kol

A7 = AoR Btk &, 252 259 851:419}
T35 &F-Hh-g-(dose-response) T EH-S HolA| Tk F
At dFS AWst= BFAME 25 FE7F 52
A dewd AsAY AA 9 ST FUHES &
4=tk QIS o R AXE A o5, &5
o] o} AFtglo] eruks dEo g A3 U A7 l
7] Al ZHE0] oled ATHAGAA L Fa U4l

S Qlx}2l AS160, TBC1DI1/4, Racl, mTORE &A413}
A7A B3, ol AnHom 240 XY HHE
NAAZ| Al Elek T35 mTOR (Mammalian Target of
Rapamycin/Serine Kinase)= ThoFol S84 4 A5 5 £3
sk wielslel AlZ7t AebA WS 4 S S
serine/threonine protein kinase 2 mTOR A& g AZ27}
wEkEy ¥, T8 0 2|HF 223} 7ho BabAo] Alzo
Ewek Y27} st 5 ol
vksh7| =l ch(Kleinert 5, 2014). mTOR A& AL 2=
sl 5 5 R T TS el o
=2 A7) 9J3l 5' adenosine monophosphate-
activated protein kinase (AMPK) Q1AFSHS E3f A5
&% & Akt/PKB (protein kinase B)2} mTOR ¢ &4

& Z7hen Ao 2k gAlo] Z7siA et
(Thomson 5, 2008). 1HP &, A&} =3} 78 17} %
A= ALY ASE fEdl Hot gt AEY A
of thulstes qhtf o]t K9] A5 AT A
Foju Gt AHolAe 27 Ao Z AR,
A mTOR/p7086K 7 =] Z/dsto] o3l 7Hss Xk

(Katta 5, 2009). 2, Z2A20] AL 2 4% o

L

A& A4

O_L,
r o

A0
=

¢

o|zae, 245 4Tt £24E S Bk 1
o2, VOomaxe] 0% A3 Aol $E 3 Ao
13] HHE Z3K1 repetition maximum: 1 RM)2] 70% 2 9]
314 5ol mTOR Q4sHE Z7HZd), 53] A%
259 250] YA A7 5ol Hlsl foIsh
A 232660 kealvs. 130 keal)ol| &= &3} mTOR
ANTAAE B 273t AZItHCamera 5, 2010; Stuart
5, 2010; Vissing 5, 2013). T3t SAEA] o8> A7}sH
e Aol o Ttk o]kl VOmax 2] 70%
LR 607 5ot A THEA] o2 =elo]
4527 Hof AH2] 70% e EY =Y fofA
AGsHA e AL ded A g EE01
mTOR/p70S6KAI A A& 5= F-2|5HA 2/d3kA
CHMascher 5, 2011). ©]59] Zue} FAFSHA 239
IRE AAA 7] B 17 E 1] 2ELE ne
QI7ke] AT mTORAEAAS S48} A7 A
© 2 K EH} Qltk(Camera 5, 2010; Pugh 5, 2015).
B2, 34 F49) ATY &5 BE AT $FoR
S99 mTORAZAA Y FHE AT $2 Fo

I

H

T &0 7 2718k Mascher 5, 2011). o|2{gt 2
T FEAFAME sLotA Yttt Eded
gef7|et A7ATol| o)t 425 o] Fofl AlZte] At

ol ek mTORUEAA L F4= SirhEdgen 5.
2013).

Becker-Zimmermann £{(1982)0]] _J’BH HzxZ 50|
Ao A Qla’ A=l ofsf x= el
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Fig. 4. Insulin responsiveness.
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Fig. 5. Effect of cinnamic acid and lithiumon GLUT4
trafficking in skeletal muscle.
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