Adladd) dguond| daols

www.nbu.edu.sa & jnbas.nbu. edu.sa

1658-7022 :u40s) - &—xcldl
1658-7014 :u49) - q.t,j:SJ!

NORTHERN BORDER U\HV]ERSIT
——————————————————————————————




(INBAS) Zsishatll g Luabia¥) o slall Jlaiill Alne
=il
Al gl 2 L) i) AT o)

Ol gasdl 348 93 (yUalis /) gisull Sy SN Gl 8 (s dblase [ gisall

SOV - A ) laalall slas) A3 grall Ay el ASLaall - Adladil) 5 gaall dadls

el Gsall Jlaa (s yapallase [ gisall Slia] Al A () il
A sl A yal) ASLedd) - Jomd ) dadla R . .

Syl sans (p lle / ygassll

Sy (paliye (Sas /gasall SLd) Aa ) Ay pall ALl - el 3201 Anls

Ol sudl - a sk Al Aadls

03 sl A pal) ASLadl) L 5 jallae cllal) dxala

A AL st
Q\".'\Lu.; KV quLu.n daledf /J335.A-|| Al
L3 gl g yal) ASLad) - ALl 3 panll daals

A)A dlass san /) gisall 3

a yandl o) ALl - 3 yane L) Anala ),-,\Jﬂ\‘\-\gb slac)|

Cro991 Ui /8, 93Sall 83l s yedi lasles sans /5 gasall Sl

A0 sand) A yall ASLaal) - Alladdl 3 ganll Aaals 200 grndl Ay pall ASbaal) - Aladd) 3 saal) dadls

. Sren(n [ e sans S Sl sane /ygasall Jldy)
SLogSseige SLSLSIL /) gasul ok 25

L3 gl Ly pal) ASLeall - 03N 3 anl) dnala

- . 99aa0 aslaliae &gdos /) gasall L
Ol 9gans jalls | gisul 20 gl Gy el ASLeal) - AdLadll 3 gaal dala
e (i pe s

BN FNERN

Joa S 2 /J33S.L|| Al
a0 g gy yall ASLeal) - AL 3 yaa) el

LR @I sani o olged /) gisall
‘-..9 ‘d"\au‘ 203 saaal) Ay el ASLadl) - Al 3 gaal) daala
&l Adl san sane /gasull (oUaadll alls (3 pols / jgisall

(B alaayy) ARl (3he) Gan gand) A jal) ASLaal) - Aalladl) 3 gaal) dadls

4 grd) Ay pal) ASLaall - LG 3 gasd) daals

A S S st A i /gl
K ?&'“‘\'.'s ::::/SL”quI A0 sl Ay yal) ASTaall - AdLai]) 3 gand) daals

Lladd) 3 gaat) daals (21443) 22022 ©

Uy sbs IS8 5L a5 Aaall e e o ol S salels rann V5 A giae il (3 8a qen
b il slee Jads ol (ol & JAaY) ol Qi) g 5 gucaill lld 6 Loy 401 5f g iU CailS ) g
Jladdl Asa (e 4 5i€a 48 g o J sandl 0 Lhalaial






2007 - 1428

ialledl 350al Laala

NORTHERN BORDER UNIVERSITY

40 grad)dy pl)dsiaal)




J—aid ;UQA
Afdail) g dpulial) o glall
(INBAS)

daSas dsale 4490

G ad
dag yill g caallil) g alal) H&I) S ya
Adladdl agaal) daals

J3Y) aaad) — 2l Aladl)

21443 )34 — 22022 sk

P 9ASI) ayull g 1S gd
httos/jnbas.nbu.edu.sa
sjournal@nbu.edu.sa & s.journal.nbu@gmail.com

1658-7014 242, - S358l) / 1658-7022 :2a2,- 4Lk



(JNBAS) ddsdait! g dulull| polall Jlodd dlove

Aatls By yasl \
LS palai¥ g syl ptallls il ducolea¥) aslall Jlae 5 Al dualall oolol jall s sl 5t dal) s
olsailly ol a3l 5o, daalall Bla, )l sladlay (a3 51 Lhaal oy OSI (550 B)e 4 Lo poaa i a1
23,0
AL el ol ysall el e dall Caiiaty daSall dualall Spandl s 3300,
PN
Byaale Lille ulae 385 Llubailly Lowloat) aslall Jloo 5 LSl Tualal) &gl 523
dUat| Slan
bl s Bacslea) pslall 3 ialll Gale Gy sl oS3 o (1
Dllally LaatsYly Lbal) wlygiaal) e sl agslasgas 5ol ualall agisms S M daldl s Lu (2
pind) e ) 5955 (A Bea ) epandl s 85al) paias cls S35l B
ASal) Lalall ol a5l Jlaef Ldais (4
Sl J 98 Lo g i
Al il LMy LK1 UL (1
Allas (8 dail) Tealal) Jluaglls ol sa¥ly calll 531 (2

AL (4

ﬁlu&cslu_quﬂ‘amjlw)m&dlu,&ul (5

\ MMILA‘;_\;LJ‘HQU Mﬁm\glwﬁmlzﬂ&hu‘)”wwl‘@‘w&u| (6
JaLal g &) i) Al yall

Laasilly il palall yuzall S5 ooaill Lus
Lol ysunll dasls (INBAS) iy sl ashall Jlocall dlae

91431 (e ,e 1321 NI Lladdl yaadl daola

Do sacad) Tyl AL 91431 Le,e 1321 Com

Dssaeal) Lyl FSLaL)

+966146615499 : _sila
+966146614439 : <G

s.journal.nbu@gmail.com & s.journal@nbu.edu.sa : & g 31 o yull
http://jnbas.nbu.edu.sa : o g 311 23t

M

1 ITSSN 16587022

9 "r7ziess8"7o0=2202">




P Lo

siall audbf onlf dasl g
(A4) golall whadl (e datin (35) e Gladin 533 YT
L (250) Ge i Y uas s dadin 3 Lsulaily Lusall 3L aadleg ol lsie e g5t O
(6) Lasse 55ty ¥ nay pillly call 330l Gacad i e A Lialibe wlelS sl Garil oy padLall
oedle B4l o pnss olaS
Aoalai¥ly o sall GaalIl 8 5bbe sl Ol sie aay dlae dgay IR anl SO G
(12) paso s Lallyg (G (3 G guaill (14) anss o(Simplified Arabic) i de sabao Loy yall &sadl a3 ]
el sell
o e b llyy (G 3 pageaill (12) aass (Times New Roman) L de gabae Lyalad¥l &ganl s of
el sel! (9)
sl pue 2.5 calsall sSiy slaeadl G aals Sl Blas i g dadiall e aals dag e @all LS
(L) () 1.00 Jolas Las dadiall Loy, Y1 Lol sall
‘Y el B3l sl
35l LGET wloslas 4o ‘_n.dlus_s‘,.‘ Lo po daniiing ie Baglly ceanll t}@yu_lcdl_su‘gs.‘ tdaudlt)

ALl bl ,all Laaly wtndl Uk ) SLataly juis LS duale
ccn laglall 555 cdiugd) puas 3 3ol ol 585 el Lom gl Lol sl (a3 el
Letslst
1S5 cas LV Ol o s Bty (053 0T o .mmgc_mm
ol il ol S5 pe il oo daldl 4] Ja Loy ¢ sensall oo Ladls o 14a3L )
Ll ol s Lajlecd iS55 lealeuio Lasd 5 a3 535 ol (8 daan sill JISEY] 5 dlall o s ll 505 O
o e
Ji] K5 Lam s il U Loy Wadlel Wajlaced iy Slcalodio Lo 5 23535 comill 3 Jolaadl £, o
Jsasll
(12) pomo Ld bl (65 a1 pd Ll Sl ol 8,55l wie W) dadall Jad (ol sell s Vi
(sl (9) 5 usal
Aol delds wie Lgdlias asiiy (ulidlly coadl ol sal dad) 525y
folilly au¥l S5 ey allss 5oas (APA) allas paill Jads aallls soball 355 e (J oelsd O
il pngis dabiall Jaad Tuslall any ao paill Jals aal Ll a8 3 allis Ly ¥ (G4) Jals (name/year)
caalae) Dlis bl Bud Alaliy Lo siio CaI3L Abile aud LS ASY) AR Coonn (g5 oo LI JATs a5l
LT (3310 21985 «s50n) 1ia il a5 ns B yblas dnhal 08, (il bl uliY) Aa 35 (41988
o ST apms Al 35 (21424 ol ) )0 Tlall ol sl ¢ Lol o o) Shud (e jaamall S 13)
e jaeall o Qa8 S5 1315 (21408 ety wlusally aalas) Da 350 Jsf aglilse clacd S8 cnal5e
Sloslas 3 G e (21408 (i 5,a 15 salas) (e Gayaly sans 3 dats J5¥1 Al Aile aal M 5L
galolls saliall il 3 ALl sl
(S sl e SEYy cusla¥l £ ,as
(511 caanll 23, 5 o el gl manin)
sl ale Bunan 2l 3355 AL aoal rrun Lilaa L5 4 50 syl Llgs 3 pallls olall Ll s
sl e 2he sl bl s a@outaid (9)s goall (12) aaas cuoleadl las) (APA) &S, 0¥l
L;’Y‘
:AA|5 s.i.‘él uE\SuéuuLl:ﬁ‘ﬂ °
isilly aall e laged) sk a ) ofoall slizud frulio (:2004) . saa ( Jasall

2

}f3|

(1
@

3

(4

5

(6

(7

(8

C

(10

(11
(12

(13

(14



e (o ISY LIS (o uliidyl o
ol aleilly adaill Laddeilf Luidtlf (p2013/21434) . Guasa ol fallign (iiuio (e (sl
il Sgaew A Laala Sl tusaad) Lo yadl dLaL
199 08 puliSY) @
ol slayulls Slall elaadl 3 3asall 3okl e ol bl 30L3 3 (—21427) L ygan caidalllne sl
712-53 (1) 14 ,:ga.//,.,lcg.a Dprcall Uot] Loganrall Lo yall ESLaL) Loy & Al lea 3 Lyls
ol 9353 1 uienals Al o Gl ¢
Lptl] Blills £ sllly 81805 sy cps Dl Eall finabslf SBLN (21429) bl ase Gl pualal)
Loyl aLall ¢aloal) el GIWYI LIS 8y s 5a 0,) 5380 Als, L/ Dolany Lolil) L yaad] 6 dev 0
Jeand ) daols g sl
(A0 Al gasiual) dSadill po (ulaidy) e
FolS (o (ulaasyl -
ol Soall Mol p et e lisigfo b o) ptid5 (22010) . Sp ) 5 e ey
ol o)1l i (http://www...) il sl L8 J5-S5550 «(DOL:10.XXXX/XXXX-XXXXXXXX-X )
(ISBN : 000-0- 00 - 000000-0) &Ly gall
99 8 Al (o Guliady) -
(6) 17 pslail] Lo sliS Lillag sall Lad) ) gy csosB 5 lsadl aseds (2014) oo ol
(http://_psazsll Gaseaitl 85 JsSs3,s o7 (DOLT0.XXXX/XXXX-XXXXXXXX-X) a3, C3%all .260-225
(ISSN: 1467 - alaall sall Luuleill g ladl w300 57 conlinelibrary wiley.com/journal/10.1111)
.8535)
ey salall a3 8 Lpalas¥ Gl ) Losall el sobiall clasd (Tag, 51) Taasi calllail (15
JE Jaaes e
pelicing ol ol s GVEAL LA (gaay LA (s 35k w58 . (21991) L lasles )
(1)3 &g ,all polall —ysais clllf daols oo Lasacall Tuyall ELally dagill sl & pilaanss
.170-143
Al-Gabr, S. (1991). The Evaluation of Geography Instruction and the Variety of its Teaching
Concerning the Experience, Nationality, and the Field of Study in Intermediate Schools in Saudi
Arabia (in Arabic). Journal of King Saud University- Educational Sciences, 3(1), 143-170.
daall (3 (32 el 0) Ll dyyall al8,Y) auans (16
il algads alanll sl Jlo) Jla 8 daall 5230 358a s Jo35 (17

Laaled Ggllab) sl tLasls
(Y PNyl e (M iy «(PDF) 5 (WORD) Jiarems el (e gl 4o (1
s.journal@nbu.edu.sa & s.journal. nbu@gmail.com
Aalall s oIl S ST all ol sics dulaiyls dupall (raalil daced Liasie (a Ll 43130 5,0l (2
Y poladl T (3

dole eilgaass 1 LILS

et ol E5800 g 555 Y Al ) Jasd ) el Jsual (1
L@-JLMTJBJZ'GAJU‘:)”JEM‘Q}A‘”&rqs‘ijbj“by‘ (2



(INBAS) diialaill g o) o slall Jladll dlaa

1658-7014 122 - S5 xSl 1658-7022 :2e3 - dclia
21443 J 34 - 52022 sl J3¥) aamd) - aglall alaall

15

27

39

55

W FPYEN§
Loyl ey

Stachybotrys , bl e co el sl Ll 3ol (dall (s pa L33
J=85 padAiue aladiwls JyLlat u_s chartarum (Ehrenb.) Hughes
' Aol g il Skl (6 g ol

gL il g

L (S 4 Saldiudl g e ylall onla aladt caly Audiaal) eolalad) (o
L g el Ll e Ly G Sl s

0192 alild 3 gana elid
RNIEN I

Lulsy) C—M =0 q}-ﬁy a_.'xfsl:a.a:as.ﬂj @9}35113 3—3.:.3134‘).“ pe—ilaal
Lagilalaicus ciliy

Olade dyluk) M‘Quami@“&ll ‘Qlﬁaw‘gya‘;ﬂm?@.&‘,

Sa—fiab) dalii3U el Sl yo Jlariwls JLad (53-S paY aSal asacal
daladl) yud

9 Gl e

s =8 il alall 8sng 59-Sglall (95 8 HLiusssglall 99
L g g s (5 Sl
[P CEY V-EV-JPv]




Ay el Axlll Glayy




13 -3 «(1) 232l ¢(7) ol (12022 sie/21443 JI35) (INBAS) el s Lol o slall Jlatl) e

L3 gaaad) Ay yal) ASLadl)

o

(NBU) 4lladil) 3 gast) daals Jleadialee BEES

pstalr Pt

ety bl el

(INBAS) dipbail) g dpluadl) o glall Jladil) dlaa N

2007- 1428 1658-7014 :da3) - 29,281 | 1658-7022 :kas; - ielibo R B
:T%WHERI\\I 13 %?);jlmvens% www.nbu.edu.sa ] -
. - : http://jnbas.nbu.edu.sa e S

Stachybotrys Jhill (& cuudial) alall 3 gud) Glad) (e alddl
paliia aladiuly J Ul 2 chartarum (Ehrenb.) Hughes
Ailiassl) 4 hadl) cfanal) (o aaS cuial) i

(41443/07/08 5 il L35 <5 1443/03/17 A siill 223)

s ¢ slliall ASaal) A 1 iy phadl) (e aanll (e A skl Baly ) e (il ) el 5 Al 8 lae V) G paliia
o)y saal) A ailae 8 J5Lial sl 80 pdall Hegladaa gl ol sl s Gl e ddaua JSUSe ) sgla Uil 381 55 08
MM‘Q‘W\F‘M\E)}LQX#JU:\M‘ A‘ﬂ\ww@dﬁ@b)ﬂjwdswyﬂd(y\}ﬁ)62..!)).;.&&-\)_\;
Sl e Joal el Jd Galdi e dleli jLaal) g ccuwdl Hadll Cay paiy J ye Caanll s e caagdl IS a8 o il Jals
(Ehrenb.) Hughes oLl kil sa 25y prdall Gl o el sy laal) e 25 Ol e gl 8 A pladl
A8l ) o5 LS (Trichothecene i S il de sane (e Ay jlad o sad 4aliily Lo 5 1=all <Stachybotrys chartarum
aliid e Alels Liayl sl <yl Aliad) Aahid) e il J e A (e dalall a8 5 3 51 il ) gl o
%1005 %10 3-S5l aic % 80.2 () il A ciliay dim (PDA irall b gl) o kil i oy 8 ) Ji8
delihual g sae ol )y caiall Ji Galiie (e ddline 3o i Guoad) (e il 5o Alelee i LS % 205 15 G 3aS Sl 20
Cua aldiall 58 530l ) ae (5 sine ISy 3 ol (el Bllarall dalvsall (aléil s o) delu 24 amy S daill & 5 laay
O el 35D 2ay %10 5SS e %205 caldl) ildlaa (8 % 80 g 4l %55 2.5 G S A e %455 %75 cuils
Allae il o Jsmand) o ady %15 S il e el A A 25 sl jdadl ol ga g ) sga oDl ad Lty cdlaladl)
cda I8 ailaii 1a %15 3o 5 caial) Ji Galiiine oS3l el (8 35l il Laale jeda (A 0ol aal dilae 2ie
O gy 22016 2siSH/ Jsf G- (s 2015 nasd [ Jsl 0538 (e 481 el 5558 LA 25l dall Hpeda aadyal G
= Alalall o paall Aallee 8 Al A il gl e (el JopasS Caiel) Ji i aladi) Apla) dul all s2a DA
LS ¢y s 4 S, chartarum -hdll J Y1 Jaail) aad 4l )all o3 (ld (Liile slae a5 aldl 3 51 (dall J&L&Ad)“_’d\

L) 8 2 s il Al il (e JoaS Al clialitd) Led axaid i) Liagl (580 ol

Lk il ciad) Ji5 «Stachybotrys chartarum s« cée :dalida cilals

Adsgina (3 gall aan AdLell) 3 saall Aaala Aol 50 83 (2022 21443) . INBAS ©1658-7022

e S

L) (30621 1 o ¢Bied Amala e ) 3l A il A el ll A8 5 a4l (Sl
vl

A s ((Biad :i
[=]

Jjnbas.nbu.edu.sa

e-mail: walid1851966@yahoo.com DOI: 10.12816/0060703



Journal of the North for Basic and Applied Sciences, Vol. (7), Issue (1), (May 2022/ Shawwal 1443 H) , 3-13

KINGDOM OF SAUDI ARABIA
Northern Border University (NBU)

Journal of the North
for Basic and

Journal of the North for Basic & Applied Sciences SR
, (JNBAS) ~
s T:ﬁ PN p- ISSN: 1658 - 7022 / e- ISSN: 1658 - 7014 B g
NORTHERN BLS?;T)ER UNIVERSITY www.nbu.edu.sa g e
http://jnbas.nbu.edu.sa

Removing the Toxic Black Mold Caused by Stachybotrys
chartarum (Ehrenb.) Hughes in Homes Using Grape Pomace

Extract as an Alternative to Chemical Fungicides
Walid Naffaa

(Recerved 23/10/2027 ; accepted 09/02/2022)

Abstract: Many cellulolytic saprophytic fungi cause molds in buildings and homes that suffer from high humidity, which
may sometimes be associated with health problems in humans and animals. In 2015, black mold was found in a house in
Sweida governorate in southern Syria, and some members of the family had respiratory problems and skin ulcers. Due to the
dangerous effect of fungicides, this study aimed to isolate and identify the fungus and test the efficacy of grape pomace extract
(GPE) as an alternative to fungicides to remove toxic black mold from walls in homes. The results showed that the toxic fungi
Stachybotrys chartarum (Ehrenb.) Hughes was the cause of black mold that produced a variety of macrocyclic trichothecenes.
The relationship between the black mold and skin ulcers was also demonstrated by isolating the fungus from the affected area.
The results also showed high efficacy of GPE in inhibiting fungal growth in PDA medium, where the inhibition rate reached
80.2 % at 10 % extract concentration and 100 % at concentrations of 15 and 20 %. Gypsum slices were treated with different
concentrations of GPE, and artificially inoculated with a spore suspension of S. chartarum 24 h later. The covered area with
black mold significantly decreased with increasing of the extract concentration, where it was 75% and 45% at the concentrations
of 2.5 and 5% compared to 80% in control and 20% at 10% extract concentration after three months of treatment. No growth of
black mold fungus was observed within six months at a 15% extract concentration. Similar results were obtained when one of
the walls on which the black mold was found in the house was well cleaned and treated with 15% GPE, where the black mold
was not observed from December 2015 to October 2016. The present study showed the possibility of using the GPE as a safe
alternative to chemical fungicides in the treatment of indoor walls to prevent the growth of toxic black mold in houses. This is
the first report of S. chartarum in Syria to the best of our knowledge. This study is also the first to use plant extracts to remove
black mold in homes as an alternative to pesticides.

Keywords: black mold, grape pomace, natural alternatives, Stachybotrys chartarum.
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Abstract: The food industry is developing plant-based milk alternatives for health, lifestyle and dietary reasons. Plant proteins
are a good alternative for substituting animal milk in producing different dairy foods and beverages. This study aims to improve
the nutritional habits using pea milk, its benefits in dairy products, and its effect on women with osteoporosis.

Four products of a yellow pea, cheese, cream cheese, yoghurt and buttermilk with 100% pea milk were made. A sample of 30
women aged between 42 and 55 years suffering from osteoporosis was recruited. The women sample was sensually evaluated
for taste, colour, aroma, texture, and general acceptability.

The LSD values of pea milk and its products showed significant differences. It was recorded (0.107, 0.057, 0.106, 0.117 and
0.1124), respectively. The Lab test results showed improvement in Ca, Na and K levels (9.96+0.3, 139+0.5 and 4.20+0.4)
compared to the control results (6.54+0.1, 149+0.2 and 3.11+0.3). Consequently, pea milk can be developed to make some dairy
products such as cheese, yoghurt, and buttermilk and improve the mineral level of osteoporosis persons. It is rich in calcium
and vitamin A.

Keywords: bone pain, non-dairy products, osteoporosis, pea milk, yellow pea.
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3050%- of all MODY patients have a GK gene
alteration base (Pearson, Velho, Clark, Stride,
Shepherd, Frayling & Hattersley, 2001). . These
patients may be asymptomatic or may manifest
with mild fasting hyperglycemic states but are
generally stable (Pearson et al., 2001).

3.7. Pharmacological upregulation of
Glucokinase, its Role in Glucose Homeostasis
and its Possible Therapeutic Use in Type 2
Diabetes

The role of GK in regulating glucose homeostasis,
as reviewed, can be harnessed therapeutically
in hyperglycemic conditions, especially T2D.
Pharmacological agents that function by upregulation
of GK will be beneficial in treating the said
condition. The specific group of pharmacological
agents with this mechanism of action are the
GKA. They act by increasing insulin blood levels
through their dissociative action on GK-GKRP
complexes which subsequently increases the core
function of GK (Toulis et al., 2020). In addition,
GKAs promote the repairing of pancreatic -cells
oxygen consumption, enhance intracellular
calcium response, and ultimately increase insulin
release (Doliba, Qin, Najafi, Liu, Buettger,
Sotiris & Wilson, 2012). Recent publications
have shown the clinical trials experimenting with
the pharmacological attributes of the group of
drugs in the treatment of T2D (Perreault, Skyler,
& Rosenstock, 2021; Sharma, Singh, Thakur,
Sharma, & Grewal, 2021; Wu, Liu, Jiang, & Fang,
2020; Xu et al., 2017; Zeng, Huang, & Sun, 2020).
Although most group members stopped at phase
IT of clinical trials (they induce hypoglycemia and
increased liver burden), dorzagliatin made it to
phase I clinical trial (Zhu, Zhu, Li, Li, Jin, Hu &
Ren, 2018) . Other hypothetical agents facilitating
GK upregulation are SUMO-1 and sirtuin, two
protein activators/inducers (Dai, Sinclair, Ellis, &
Steegborn, 2018). These hypothetical agents have
a drawback of possessing indirect adverse insulin
secretory activity (SUMO-1 has anti-glucagon-
like peptide-1 activity) alongside interactions
with other non-glycemic pathways (Rajan, Torres,
Thompson, & Philipson, 2012).
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4. Conclusion

GK plays a pivotal role in pancreatic B-cells and
liver hepatocyte cells by regulating the glucose-
stimulated secretion of insulin in the former and
controlling the metabolism of carbohydrates.
Through its dual functions, it aids in managing
blood glucose levels within the normal range.
Therefore, various modulations of GK activity,
such as decreasing its binding with GKRP and
pharmacological upregulation of its activity, can
be used to treat T2D and limit its progression.
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AMP-activated protein kinase (AMPK)

Fructose 2,6-bisphosphate (F2,6BP)
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Glucokinase activators (GKA)

Glucokinase Regulatory Protein (GKRP)
Glucose-6-phosphate (G-6-P)
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Nuclear localization signal (NLS)

Pancreatic and duodenal homeobox 1 (PDX1)
Peroxisome proliferator- activated receptor
gamma (PPARG)
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3.5. The Regulation of Glucokinase Gene
Expression and its Role in understanding
Glucose Homeostasis

The GK gene is located on chromosome 7, consists
of 12 exons, and encodes GK, a member of the
hexokinase family ( Tinto, Zagari, Capuano, De
Simone, Capobianco, Daniele & Sacchetti,2008).
GK, like other hexokinases, is responsible for
the phosphorylation of glucose to glucose-6-
phosphate, the rate-limiting step in the pathway
of glucose metabolism (Sternisha & Miller, 2019).
The two Isoforms of this gene, the Bcell-specific
and liver-specific isoforms, act precisely in the
pancreas and liver, respectively (Lu, Munoz-
Gomez, & lIkeda, 2018). Some authorities also
recognised the activity of GK in some neurons of
the hypothalamus and some specific enterocytes
(Matschinsky & Wilson, 2019; Salgado, Tarifefio-
Saldivia, Ordenes, Millan, Yanez, Llanos &
Nualart, 2014).; Sutherland, McReynolds,
Tompkins, Brooks, & Lynch, 2005). Central to
GK gene regulation and expression is maintaining
blood glucose homeostasis (Matschinsky &
Wilson, 2019). Therefore, the expression of
the GK gene responds to an increase in blood
glucose levels (Matschinsky & Wilson, 2019).
In the pancreas, the regulation of GK gene
expression is based on the stimulatory activity
of high blood glucose levels, which induces the
action of pancreatic and duodenal homeobox
1 (PDX1) (Nicolino, Claiborn, Senée, Boland,
Stoffers & Julier, 2010) . PDX1 stimulates the
transcription of the GK gene and further synthesis
of the enzyme and G-6-P in the first reaction of
the glycolytic pathway leading to subsequent ATP
production, which stimulates insulin release by the
B-cells (Li, Cao, Li, Brubaker, Edlund, & Drucker,
2005). The insulin released through an autocrine
activity on the B-cells leads to further induction of
the GK enzyme through peroxisome proliferator-
activated receptor gamma (PPARG) of the insulin
receptor (Kim, Jo, Park, Kim, Im, & Ahn, 2013).
The retardation of GK gene transcription is
dependent on a decrease in blood glucose level
(Kim et al., 2013). On the hand, hepatic GK gene
expression is controlled by fasting and refeeding
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states. Insulin is the primary upregulator and its
effect is mediated by phosphatiodylinositol-3-
kinase (P13K) via protein kinase B pathway as
well as fructose-2,6-bisphosphate which also
stimulate the GK gene transcription through the
protein kinase D pathway (Massa, Gagliardino,
& Francini, 2011). The role of insulin as the
primary regulator of GK gene expression in the
liver through the sterol regulatory element binding
protein-1c (SREBP-1c) has not been established
(Guan & Chen, 2014). Other factors which play
a role in hepatic GK gene transcription include
the Hepatic nuclear factor-4-alpha (Roth, Curth,
Unterman, & Kietzmann, 2004), and Upstream
stimulatory factor 1 (USF1) (Vallet et al., 1997).
The inhibition of GK gene transcription in the
liver is majorly by the activities of glucagon
on hepatocytes (Massa et al., 2011). Also,
intermediates of glucose metabolism produced
at high-level glucose states have been shown to
have repressive action on GK gene expression as
well as induction of GK regulator proteins which
in turn suppresses its expression (Arden, Petrie,
Tudhope, Al-Oanzi, Claydon, Beynon & Agius,
2011).

3.6. Genetic Alterations in Glucokinase Enzyme
and its Potential Effect on Glucose Homeostasis
Genetic mutations in the GK gene are mainly
secondary to heterozygous mutations through
homozygous variants (Raimondo, Chakera,
Thomsen, Colclough, Barrett, De Franco &
Alawneh, 2014). Such hereditary mutations
are mostly autosomal dominant and result in
B-cells glucose-sensing dysfunctions, leading to
hyperinsulinemia and hypoglycaemia (Pulst, Arbo,
Kabhre, Peet, & Tillmann, 2012). Such mutations are
MODY (which are due to heterozygous mutations)
(Urakami, 2019) and permanent neonatal diabetes
(which are secondary to homozygous mutations)
(Hussain, 2010). Studies have shown that MODY
is attributed to at least 14 pathogenic variant
genes, but only one may be attributed to genetic
alterations in the GK gene (Naylor, del Gaudio,
Johnson , Adam, Ardinger, Pagon, Wallace,
Bean, Gripp, Mirzaa, Amemiya, 2018). About
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3.4. Regulation of Glucokinase by
Phosphofructokinase-2/Fructose Bisphosphatase-2

The enzyme PFK-2/FBP-2 (which has two activities:
kinase and phosphatase) is an important enzyme
that catalyzes both the synthesis and breakdown
of fructose 2,6-bisphosphate (F2,6BP), the most
potent allosteric activator of the glycolytic enzyme
6-phosphofructo-1-kinase (PFK-1) (Arden et al.,
2008). It presents in significant quantities principally
in the liver and pancreatic B-cells, where it plays a
pivotal role in GK regulation (Arden et al., 2008; Wu,
Okar, Stoeckman, Peng, Herrera, Herrera & Lange,
2004). A specific GK binding epitope has been
recognized in the phosphatase domain of the enzyme
(Arden et al., 2008; Wu et al., 2004). The PFK-2/
FBP-2 interaction with GK has been shown to have
two-fold effects: first, it increases the Vmax of GK
and, second, activates the enzyme by increasing its
nucleus to cytoplasmic translocation (Arden et al.,
2008; Wu et al., 2004). Although these interactions
are weaker than the GK-GKRP interactions, they
play an essential role in activating the enzyme (Arden
et al.,, 2008; Wu et al., 2004). The PFK-2/FBP-2
seems to play a role in stabilizing the enzyme and
avoiding its oxidative damage (GK has 13 cysteine
residues required in a reduced state for it to function)
significantly increasing the enzyme’s activity (Arden
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( PFK 2/FBP2 )] .G'vcolvm
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et al., 2008; Wu et al., 2004). In vitro studies using
recombinant rat liver isozyme PFK-2/FBP-2 and
human pancreatic form of GK show interaction in
1:1 stoichiometry (Baltrusch, Lenzen, Okar, Lange,
& Tiedge, 2001; Smith, Langer, Wu, Baltrusch, &
Okar, 2007). However, recombinant PFK-2/FBP-2 is
required in molar excess of 5 to 10 times to produce a
limited increase in GK Vmax (Baltrusch et al., 2001;
Smith et al., 2007). This observation suggests that
PFK-2/FBP-2 interacts with the closed form of GK
and enhances its activity (glycolysis) (Baltrusch et al.,
2001; Smith et al., 2007). The interaction with PFK-
2/FBP-2 does not change GK’s response to elevated
glucose, as indicated by the enzyme’s K0.5 value
(Baltrusch et al., 2001; Smith et al., 2007).

The activity of PFK-2/FBP-2 is itself regulated by
the phosphorylation of its domains. Phosphorylation
of the enzyme on Ser-32 residue inactivates it
(Mukhtar, Payne, Arden, Harbottle, Khan, Lange,
& Agius, 2008). This is stimulated by glucagon
treatment as well as by adenosine monophosphate
(AMP) via the action of AMP-activated protein
kinase (AMPK) (Mukhtar et al., 2008). On the other
hand, insulin signalling activates phosphatases
that dephosphorylate the enzyme and enable its
interaction with GK (Mukhtar et al., 2008). The
regulation of GK by PFK-2/FBP-2 is illustrated
in Figure 2 (Sternisha & Miller, 2019).
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Figure 2: The regulation of GK by PFK-2/FBP-2. The PFK-2/FBP-2 interaction with GK activates and stabilizes the enzyme.
PFK-2/FBP-2 is regulated by phosphorylation of Ser-32, which glucagon, AMP and AMPK promote. Phosphorylated PFK-2/FBP-2
contributes to low glycolytic activity. Insulin activates phosphatases that dephosphorylate the PFK-2/FBP-2 and enable its interaction
with GK, increasing the glycolytic activity. PFK-2/FBP-2 interconverts F-6-P and F2,6BP, the latter of which is the most potent

allosteric activator of the glycolytic PFK-1.
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EGF expression (GK tagged with enhanced green
fluorescence) in response to high glucose levels
confirming the dependency of glucose on insulin
to induce GK-mRNA expression (Leibiger et al.,
1998). Another study, where the calcium channels
of B-cells were pharmacologically blocked, showed
no increase in GK activity in response to high
glucose (Aspinwall, Qian, Roper, Kulkarni, Kahn,
& Kennedy, 2000). In these studies, involving
BIRKO mice, the early normoglycemic period can
be explained based on GK's independent insulin
release. As the B-cells in these mice lack insulin
receptors, insulin-mediated increase in GK activity
is not seen in BIRKO mice in later stages, making
them glucose intolerant. Another observation that
somehow complicates the process is the association
of GK with insulin secretory granules (Aspinwall et
al.,2000; Leibiger et al., 1998). GK in granular form
constitutes 15% of the total and this granular form
is activated by glucose via an insulin dependent
pathway (Aspinwall et al., 2000; Leibiger et al.,
1998).

Another mechanism of short-term regulation of GK
inB-cellsisviaGKRP, whichhasalsobeendiscovered
in pancreatic cells (Matschinsky, 2002; Roder et al.,
2016). This provides regulation of GK activity by
molecules such as F-6-P and F-1-P (Matschinsky,
2002; Roder et al., 2016). Experiments have also
shown the presence of phosphofructokinase-2
(PFK-2) in B-cells in addition to hepatocytes that
regulate GK expression and activity in an insulin-
independent manner ( Arden, Hampson, Huang,
Shaw, Aldibbiat, Holliman & Agius, 2008).

3.3. Glucokinase Role in Pancreatic Beta Cells

The pancreatic B-cells function as glucose sensor
cells (MacDonald, Joseph, & Rorsman, 2005).
These cells have GLUT-2 receptors for glucose
entry, are also densely innervated with the
autonomic nervous system, and have rich capillaries
for endocrine mediators (Tarussio, Metref, Seyer,
Mounien, Vallois, Magnan & Thorens, 2014).
Glucose is the principal trigger for insulin release
by these cells (MacDonald et al., 2005). Glucose
metabolism generates metabolic coupling mediators
(ATP being the main mediator and others such as
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NADPH, malonyl CoA and acyl CoA) that change
intracellular ion concentrations such as decreased
K+ efflux and increased intracellular Ca++ (Skelin
Klemen, Dolensek, Slak Rupnik, & Stozer, 2017).
These ionic changes are critical for insulin release
(Skelin Klemen et al., 2017). Although glucose is
the primary fuel for insulin release, other factors
such as increased vagal stimulation through
acetylcholine and glucagon-like peptide 1, gastric
inhibitor hormone and ghrelin etc., are required to
amplify the initial release (Wilcox, 2005). Studies
(SUR-1 knockout mice) have shown that glucose
alone does not achieve heightened release levels
(Seghers et al., 2000). Glucose stimulated GK
mediates insulin release (GSIR) in the physiological
range of 48- mmol/L (Matschinsky, 2002). It is
fascinating to note that while GK has a graded
response to glucose concentration, K+ and Ca++
channels respond to a threshold of 5 mmol/L of
glucose (Matschinsky, 2002). At this concentration,
insulin is released at basal levels, and GK activity is
only 2530%- of its standard activity (Matschinsky,
2002). This explains a complex interplay between
graded responses and threshold responses and the
role of GK in augmenting GSIR (Matschinsky,
2002). GK is also needed for amino acid and fatty
acid stimulation of insulin release and increase
insulin release in response to acetylcholine (Fu,
Gilbert & Liu, 2013).

GK is constitutively expressed in glucose sensor
cells (Postic, Shiota, Niswender, Jetton, Chen,
Moates & Magnuson,1999). Physiological glucose
levels hardly increase its expression (Postic et
al., 1999). However, supraphysiological levels
of glucose cause an increase in GK expression
and activity through an insulin-mediated pathway
(no rise in GK activity in B-cells lacking insulin
receptors) (Iynedjian et al., 1988). But some studies
have given rise to discrepancies, such as exogenous
insulin administered in amounts of 2502500- ng/
ml does not cause induction of the enzyme in the
absence of glucose. In contrast, mannoheptulose
alone can induce GK, which raises a question
about the role of glucose and insulin in causing
the enzyme ( Zelent, Najafi, Odili, Buettger, Weik-
Collins & Matschinsky,2005).
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Figure 1: The regulation of GK by its regulatory protein in the liver cell. GKPR binds GK and locks it in
an inactive state, reducing glycolysis. This interaction is inhibited by fructose-1-phosphate (F-1-P) and
promoted by fructose-6-phosphate (F-6-P). Increased intracellular glucose levels promote nuclear to cytosolic
translocation of the GK-GKRP complex. Sirtuin 2 deacetylates GKRP, subsequently favouring cytoplasmic
GK-GKRP localization. SUMO-1 conjugation to GK impairs the GK-GKRP complex and ultimately prevents

nuclear localization of GK.

3.2. Regulation of Glucokinase in Pancreatic
Beta Cells:

Insulin receptors have been discovered to exist
on pancreatic B-cells membranes, and it has been
proposed that insulin also regulates its release
through a positive feedback mechanism (Kulkarni,
Briining, Winnay, Postic, Magnuson, & Kahn, 1999;
Rothenberg, Willison, & Wolf, 1995). A further
extrapolation of this hypothesis is that insulin acts
on the insulin receptors on the pancreatic B-cells
and enhances GK expression (which plays a crucial
role in insulin release from f-cells) (Iynedjian,
Gjinovei, & Renold, 1988). These observations
stemmed from studies on special mice variants
called the BIRKO mice that lack insulin receptors
on their B-cells ( Leibiger, Leibiger, Moede,
Kemper, Kulkarni, Kahn, Berggren, 2001; Seghers,
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Nakazaki, DeMayo, Aguilar-Bryan, & Bryan,
2000). These mice are normoglycemic at birth and
up to two months of age; however, at six months of
age and onwards, when there is a decrease in the size
of islets of Langerhans, their glucose homeostasis
is significantly affected with no increase in insulin
release in response to high blood glucose levels
(Leibiger et al., 2001; Seghers et al., 2000). These
studies have confirmed that the high glucose acts
indirectly through an insulin-mediated signalling
cascade to increase GK expression in pancreatic
B-cells (Iynedjian et al., 1988). This signaling
pathway is different from glucose induction of
insulin (Leibiger et al., 2001; Leibiger, Leibiger,
Moede, & Berggren, 1998). Proof for this was
provided by showing that islet cells that lacked
insulin receptors did not show an increase in GK-
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protein complex to translocate to the nucleus,
where the enzyme remains inactivated (Bosco,
Meda, & Iynedjian, 2000; de la Iglesia, Veiga-
da-Cunha, Van Schaftingen, Guinovart, & Ferrer,
1999). As discussed in previous sections, its product
G-6-P does not inhibit GK. Instead, it is inhibited
indirectly by fructose-6-phosphate (F-6-P), which
shares an equilibrium with G-6-P (Matschinsky
& Wilson, 2019). Increased intracellular levels of
F-6-P promote the binding of GK to GKRP and
its subsequent inactivation (Raimondo, Rees, &
Gloyn, 2015). On the other hand, increased glucose
and fructose-1-phosphate (F-1-P) release GK from
GKRP and caused it to move back to the cytosol,
where it phosphorylates glucose into G-6-P (Bosco
et al., 2000; Raimondo et al., 2015). Studies on rats
showed that hepatocytes cultured with 5.5 mM of
glucose had their GK mainly in the nucleus bound
to GKRP. In contrast, those cultured with 10 mM of
glucose or 50-1000 IM fructose had their enzyme
transported to cytosol (this also proves that GK has
lower affinity for glucose and thus a higher Michaelis
Menten constant Km which means a high glucose
concentration is required to trigger its activity) (
Fernandez-Novell, Castel, Bellido, Ferrer, Vilaro,
& Guinovart, 1999) GK lacks a nuclear localization
signal (NLS) and GKRP is the key protein required
for its nuclear localization (Shiota, Coffey, Grimsby,
Grippo, & Magnuson, 1999; Zelent, 2015). However,
some studies have shown that mutations in the GK
gene can result in GK that has reduced affinity
for GKRP, and this variant can cause significant
hypoglycemia (Osbak, Colclough, Saint-Martin
Beer, Bellanné-Chantelot, Ellard & Gloyn,2009;
Zelent, 2015). Similar mutations also result in
GKRP variants with reduced functionality (Farrelly,
Brown, Tieman, Ren, Lira, Hagan & Hariharan,
1999; Osbak et al., 2009; Zelent, 2015). One such
important variant is the P446L which has reduced
binding capacity to GK and a decreased response to
F-6-P ( Beer, Tribble, McCulloch, Roos, Johnson,
Orho-Melander & Gloyn, 2009; Raimondo et al.,
2015). This enhances cytoplasmic concentrations
of the enzyme and contributes to lowering blood
glucose levels (Beer et al., 2009; Raimondo et al.,
2015). This discovery is essential because several
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pharmacological ligands have been developed to
target the association between the enzyme and its
regulatory protein (Beer et al., 2009; Raimondo et
al., 2015). The GKRP has a flexible N-terminal, and
its conformational state causes different effects on
ligands (Casey & Miller, 2016; Pautsch, Stadler,
Lohle, Rist, Berg, Glocker & Heckel, 2013).
Ligands that favour an extended N-terminal lead to
stabilization of interactions between the enzyme and
protein ( Lloyd, St Jean, Kurzeja, Wahl, Michelsen,
Cupples & Helmering, 2013; Martinez, Xiao,
Zakarian, & Miller, 2017). On the other hand, ligands
favouring a short N-terminal disrupt the interaction
between GK and its regulatory protein (Lloyd et al.,
2013; Martinez et al., 2017). This favours the release
of GK from the binding effect of GKRP and its
transport from the nucleus to the cytoplasm, where
it effectively phosphorylates glucose and contributes
to glycemic control (Lloyd et al., 2013; Martinez
et al., 2017). Another mechanism regulating the
interactions between GK and GKRP is post-
translational modifications of both the enzyme and its
regulatory protein (Johansson, Solheim, Shirakawa,
Zhang, Keindl & Mellgren, 2017). Post-translational
modification of the GK is by conjugating small
ubiquitin-like modifier-1 (SUMO-1) to the enzyme,
subsequently activating it and impairing the GKRP-
mediated nuclear sequestration of GK (Sternisha
& Miller, 2019). Sirtuin 2 deacetylates GKRP
causing decreased GK-GKRP complex formation
and ultimately preventing nuclear localization of the
enzyme (Sternisha & Miller, 2019). Therefore, GK
is released from the binding capacity of GKRP by
post-translation SUMOylation. In contrast, GKRP
deacetylation through sirtuin 2 reduces its critical
potential, increasing the GK enzyme's cytosolic
levels (Sternisha & Miller, 2019). On the other
hand, GKRP acetylation through acetyltransferases
enhances its binding potential and decreases cytosolic
levels of the GK enzyme (Johansson et al., 2017).
These pathways and mechanisms are potential areas
that can be worked upon to introduce new treatment
regimens for diabetic patients (Johansson et al.,
2017). The regulation of GK by its regulatory protein
in the liver cell is illustrated in Figure 1 (Sternisha &
Miller, 2019).
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scientific publications, clinical trials and patent
applications. Out of the 150 collected articles, 56
were excluded due to non-relevance or lack of
access to the original article.

Role of Glucokinase in Glucose Homeostasis:

The primary determinant for glucose homeostasis
is the interplay between two competitive hormones,
glucagon and insulin (Matschinsky & Wilson,
2019). Glucagon is associated with increased blood
glucose levels and is released in hypoglycemic
states from the alpha cells of the pancreas (Cryer,
2012; Roder et al., 2016). It raises blood glucose
levels by promoting gluconeogenesis (in the liver
and kidney) and glycogenolysis (in skeletal muscle
and liver) (Cryer, 2012; Jiang & Zhang, 2003). It
is also responsible for maintaining normal blood
glucose levels under resting conditions (euglycemia)
(Brand, Jorgensen, Knigge, Warberg, Svendsen,
Kristensen, & Holst, 1995). Its counterpart, insulin,
is released in response to hyperglycemia (after
taking a meal) from pancreatic B-cells and quickly
lowers blood glucose levels by increasing glucose
uptake mainly via skeletal muscle and adipose
tissue. In addition, it increases hepatic glucose
uptake by promoting glycogen synthesis (Roder et
al., 2016). Both of these hormones are negatively
regulated by somatostatin released by delta cells of
the pancreas (Rorsman & Huising, 2018). The two
principal roles played by the enzyme are significant
contributors in glucose homeostasis, which aims at
maintaining the blood glucose concentration within
the physiological range (both during fasting and
post-prandial states) (Jiang, Young, Wang, Qian, &
Cai, 2020; Ko6nig, Bulik, & Holzhiitter, 2012; Roder
et al., 2016). GK has a lower affinity for glucose
than other hexokinases, and it requires higher
glucose concentrations to achieve 50% enzyme
saturation (KO0.5 is around 78- mmol/L) ( Liu,
Ammirati, Song, Knafels, Zhang, Greasley &Qiu,
2012).; Matschinsky, 2002). Another important
kinetic property of GK is that it is not inhibited by
its product G-6-P (Kietzmann & Ganjam, 2005).
These two kinetic differences of GK are the key
to its dual functions (Kietzmann & Ganjam, 2005;
Matschinsky & Wilson, 2019). Low affinity for
glucose means that it does not trigger insulin release
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in response to physiological concentrations of
glucose (Kietzmann & Ganjam, 2005; Matschinsky
& Wilson, 2019). GK stimulated insulin release is
only observed at significantly high blood glucose
levels (Wilcox, 2005). The second property
(G-6-P does not inhibit GK) explains the graded
increase in enzyme activity with increasing glucose
concentration (Kietzmann & Ganjam, 2005). GK
has a sigmoidal saturation curve and achieves a
plateau phase at physiological triggers for rapid
insulin release (Wilcox, 2005). GK generally rests
in an inactivated state (Liu et al., 2012). An increase
in blood glucose levels beyond a certain threshold
activates the enzyme (Liu et al., 2012). Glucose
enters the B-cells via Glucose transporter-2 (GLUT-
2) and is converted into G-6-P that undergoes
glycolysis (Chaudhry & Varacallo, 2020). The ATP
produced during the process closes ATP-sensitive
K+ channels and causes membrane depolarization
(Ashcroft & Gribble, 1999; Ashcroft & Rorsman,
2013). This opens Ca++ channels and subsequent
release of insulin (Fridlyand, Jacobson, & Philipson,
2013). The released insulin lowers glucose levels
(Fridlyand et al., 2013). People with MODY have
been found to have heterozygous mutations in
GK gene (Galan, Vincent, Roncero, Azriel, Boix-
Pallares, Delgado-Alvarez & Navas, 2006). These
mutations result in decreased activity of the enzyme
resulting in decreased homeostatic potential (Galan
et al., 2006). Pharmacological up-regulation of GK
by using various Glucokinase activators (GKA) can
introduce a new dimension towards management of
T2D patients (Toulis, Nirantharakumar, Pourzitaki,
Barnett, & Tahrani, 2020).

3.1. Regulation of Glucokinase by its Regulatory
Protein in Liver

GK in hepatocytes contributes to glucose
homeostasis by increasing glucose uptake by
the liver and shunting this glucose to glycogen
synthesis by providing G-6-P as a substrate (Jiang
etal., 2020; Konig et al., 2012). GK activity in liver
cells is predominantly regulated by the Glucokinase
Regulatory Protein (GKRP), a 68-kDa primarily
nuclear protein. In resting states, GK binds to
GKRP. This binding causes the enzyme-regulatory
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1. Introduction:

Diabetes is a leading problem that has affected
millions of people worldwide. According to
International Diabetes Federation’s statistics
for 2019, 463 million people currently live with
diabetes worldwide and follow the current trajectory
and projections. This number is expected to rise to
700 million by 2045 (Saeedi, Petersohn, Malanda,
Karuranga, Unwin & Ogurtsova 2019). Type 1
Diabetes (T1D) which involves the destruction
of pancreatic B-cells and is characterized by
decreased endogenous insulin production, has been
significantly managed by introducing rapid-acting
insulin shots and other insulin secretagogue drugs
(Silver, Ramaiya, Andrew, Fredrick, Bajaj, Kalra &
Makhoba 2018).. Non-Insulin Dependent Diabetes
or Type 2 Diabetes (T2D) has a greater frequency
among diabetic populations worldwide (Alj,
Abdallah, Abdallah, & Hussein, 2013). It is related
to decreased sensitivity and increased resistance
to insulin (Ali et al., 2013; Chatterjee, Khunti, &
Davies, 2017). One variant of T2D is maturity-
onset diabetes of the young (MODY), which
explains its greater frequency among the elderly
and the young. Despite its greater frequency, most
hypoglycemic therapies do not manage this T2D
in their spectrum (Jang, 2020). The only effective
drug used clinically so far is metformin which
decreases both hepatic and renal gluconeogenesis
and increases the sensitivity of tissues to insulin
(Horakova, Kroupova, Bardova, Buresova,
Janovska, Kopecky & Rossmeisl 2019).; Rines,
Sharabi, Tavares, & Puigserver, 2016). Studies
now aim to recognise various pathways associated
with the pathogenesis of T2D and target different
vital molecules and enzymes. These have led to
the introduction of glucagon-like peptide 1 (GLP-
1) agonists and sodium-glucose cotransporter-2
(SGLT-2) inhibitors (Nauck, Quast, Wefers, &
Meier, 2020; Wilding, Rajeev, & DeFronzo, 2016).
Another area of interest in managing T2D patients
is introducing pharmacological modulations of the
enzyme, Glucokinase (GK) (Bourbonais, Chen,
Huang, Zhang, Pfefferkorn, & Landro, 2012)..
GK, a monomeric protein with around 465 amino
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acids, is one of the four hexokinases (1,2,3,4) with
a molecular weight of 50 kDa (Wilson, 2003). It
prefers glucose as its substrate which explains why
it has been called GK instead of hexokinase 4 (IV
or D) (Middleton, 1990). The GK gene has two
different transcription control region, one region
controls transcription of the gene in the liver and the
other region, located around 12 kilobases further
upstream, regulates transcription of the gene in the
pancreatic B-cell (Magnuson, 1990).
Glucokinase catalyzes the first rate-limiting step
in glycolys to phosphorylate glucose on its 6th
carbon using MgATP as a second substrate to yield
glucose-6-phosphate (G-6-P) (Valera & Bosch,
1994). Glucose bound to phosphate moves down
the glycolytic pathway and the glycogen synthesis
pathway (Iynedjian, 2009).

Although the enzyme GK was initially discovered in
the liver. Its activity has also been demonstrated in
the pancreas, enterocytes, and some hypothalamic
neurons (Matschinsky & Wilson, 2019). However,
the greatest concentration of the enzyme is seen in
liver and pancreatic p-cells, where its functions are
critical to glucose homeostasis (Roder, Wu, Liu,
& Han, 2016). In the liver, GK converts glucose
to G-6-P, thus providing a substrate for glycogen
synthesis (hepatocytes are significant glycogen
reserves) to increase blood glucose levels in a post-
prandial state (Rui, 2011). GK acts as a glucose
sensor in the pancreas and causes insulin release
in response to hyperglycemia (Roder et al., 2016).
Thus, GK plays an essential role in maintaining the
blood levels of glucose within the physiological
range. This review aims to understand the role of
GK in glucose homeostasis and its regulation by
various factors in the treatment of T2D.

2. Methods

A scoping review was conducted to identify
publications within the field of glucokinase using
several academic research databases, including
PubMed, Web of Science, Scopus, Science Direct,
and Saudi Digital Library. The main keywords
used were glucokinase, glucose homeostasis, type
2 diabetes and glucokinase regulation. Literature
from 1988 to 2021 was surveyed, including
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Abstract: Type 2 diabetes (T2D) is characterized by increased resistance of tissues to insulin that disrupts body-wise glucose
homeostasis. Insulin is one of the critical harmonic regulators of glucose homeostasis. The release of insulin from pancreatic
p-cells is dependent on the enzyme glucokinase (GK) involved in glycolysis and ATP production required for membrane
depolarization and insulin release from secretory granules. Identification of these molecular pathways and their association with
the pathogenesis of T2D, has given rise to new methods of disease modulation and limiting its progression by targeting the critical
enzymes involved in mediating glycolytic flux. This article provides an overview of the role of GK in glucose homeostasis and
its regulation by various factors in the treatment of T2D. Data used for this review was based on a search from several science
databases. The primary data search terms used were glucokinase, glucose homeostasis, type 2 diabetes and glucokinase regulation.
GK acts as a sensor of glucose levels in pancreatic $-cells and as a glucose “gatekeeper” in hepatocytes. Its dual roles (enhancing
influx of glucose in hepatocytes and insulin release in the pancreas) play a crucial role in bringing down blood glucose levels to
normal. This makes GK and its pharmacological activation via glucokinase activators (GKA) and inducers a potential target for
treating T2D and inhibiting disease progression.
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interconnected systems. Besides, the developed
control scheme stands for a relevant solution to
further applicative studies on complex industrial
processes.

Besides, the designed control strategy performances
have been tested on an extensive example of a
3-strongly interrelated generator power system.
Owing to numerical simulation, it is demonstrated
the rapid asymptotic stabilization, the convincing
state reconstruction, the prominent maximization
of the system’s nonlinearity extent despite great
disturbances affecting the studied process.
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Figure 3 illustrates the performances of the decentralized state observer utilized to achieve the propounded
control strategy in the closed-loop scheme and to measure the unavailable state variables of the studied power
system. More precisely, such a figure depicts the behaviors of the system’s observation errors

Eas, = Aé‘l, —Aé‘l,, Ep =O—@;s Egp = AP, — AP, and Eax, = AX ,; —AX, of the 3-interrelated

generators. This figure shows that the decentralized state observer used in the one-step-based control design
scheme enables remarkable and outstanding results. Hence, the observation errors converge rapidly, faithfully
and robustly towards zero despite the significant disturbances applied to the rotor angle variation and the strong
nonlinearity affecting the interconnection between generators, showing the state observer's effectiveness as a

performant numerical sensor.
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Figure 3: Meaningful observation errors of the 3-interrelated generators

5. Conclusion
In the guise of this work, a relevant dynamic control
strategy has been elaborated for the asymptotic
stabilization of complex, interrelated systems.
The suggested approach has been designed as a
minimization problem under LMI conditions. The
resolution of such a problem has been realized within
a one-stage procedure for the gain computation
for the nonlinearity coverage maximization that
preserves the interconnected process stable and

s1

for the good state variables reconstruction. Such
a one-step optimization procedure has been
elaborated to overcome non-optimal results
conducted by the multi-stage procedures frequently
used in the decentralized observer/controller of
complex interconnected processes. As a result, the
proposed LMI-based optimization problem can be
considered as a meaningful improvement of prior
theoretical studies on decentralized control based
on decentralized observers for nonlinear large-scale
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K, =10.4697 0.4259 3.6066 0.6440)
K, =[0.5029 0.5245 3.5062 0.6407].

K, =[0.5029 0.5245 3.5062 0.6407]

L 0 0
and the decentralized observation gain [, =| ( L2 0 | such that
0 0 L,
40.9439 27.3730 27.3730
38.5191 21.5547 21.5547
1= s L2 = ’ L3 - .
27.3632 14.6136 14.6136
—-12.7059 —7.8736 —7.8736

The behaviour of the developed dynamic output-feedback decentralized control scheme is presented in figure 2,
which demonstrates the stabilization of the rotor angle variation Aé}, the relative speed @; , the mechanical
power variation APmi and the steam valve opening variation AX oi - From this figure, it is plain to view that the

designed control strategy is very effective since it shows exceptional rapid stabilization of all the state variables
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Figure 2: Remarkable stabilization of the 3-interrelated generators
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The considered process is characterized by

2(t) = A;z,(2) + Bio (1) + D1, 015 (2, (1), 2, (1)) + D3 p13(2, (1), 25 (2))

Zy(1) = Ay 2, (1) + By0,y (1) + @1 051 (2,(2), 2, (1) + P23 py3(2,(1), 23(2)) (33)

Z3(t) = A3z3(1t) + B3 (1) + @303, (23(1), 2, (1)) + D3, 035 (25 (1), 2, (1))
Owing to (Wang et al, 1998), we haved, =A4;=-2749, A, =4,;=-232land
Ay =4y, =-23.21.

The interrelated functions are exhibited as

0 0 0
E(z(1)) = 98(1)2 » Ey(z(1) = %1 and £, (z(t)) = 5(3)1 )
0 0 0

with

&2 = Dp015(21(2), 2, (1) + Dy3015(2 (1), 23 (D)),
$21 = Dy1051(2,(8), 2 (D)) + @303 (2, (1), 23 (1)),
&31 = D31051(21(2), 23 () + D3, 03, (25(0), 2, (7)) -

Relying on the LMI Toolbox of Matlab, the outcomes of the one-step optimization problem (29), which is
applied to the three interconnected machine power system (33), enables computing of the decentralized control

gain matrix Kwith K =diag(K,,K,,K;) and the decentralized observer gain matrix L with

L =diag(L,,L,,L;). Indeed, by declaring as variables the parameters of the LMI-based optimization

problem such as the Lyapunov matrices of control W = WT >( and observation P = POT > (0, the

matrices Y and Z , and the interconnection parameter bounds to be maximized 0;, fori =1, 2, 3. Then, the

optimization problem (29) subject to LMI (28) allows the minimization of the parameter5i = l/ 0-1‘2 for

i =1,2,3, consequently leading to the maximization of the interconnection bounds 0 as much as possible
without losing the system stability. Besides, this LMI-based optimization problem provides all the control and

observation matrices W ,Y , PO and Z , and then enables calculating concurrently the decentralized control

and observation gains K =YW land L = PO_IZ. These gains are systematically used in the numerical

simulation of the overall closed-loop system (12), which can be plainly applied to controlling the multi-
machine power system (33).

Thereby, by using the LMI Toolbox of Matlab, the computation of (29) applied to the process model (33)

K, 0 0
provides the decentralized control gain K =| 0 K, 0 | with
0 0 K,
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control, w;(t) = Aé‘i the measure and z;(#) reflects the state vector that is described as

Zi(t)T:[Aé‘i @, AP, AXei]

AXei :Xei _XeiO'

The subsystem characteristics are given by

K

0 -

and p; (z,(1), 2, (1)) =sin(5, (1)~ &, () —sin(S,

1 0
_ D ci _ a)O
2H, 2H,
0 L
7:11[
K .
ei 0
T;i Ri a)O

0]

where

0

0
B=|0 Py

1

T,

A6, =6,~ 8-

AP, =P,

mi

_PmiO

and

The 3-generator parameters are exhibited in (Guo et al., 2000), where O, () s the rotor angle variation, @, ()

is the relative speed, P (7)is the mechanical power, X, ()is the steam valve opening, D,is the damping

coefficient, /7 is the inertia constant, K, is the turbine gain, K, is the speed governor gain, 7 is the time

constant of the speed governor, Tmi is the mechanical time constant, R; is the regulation constant, Bl.j is the

nodal susceptance, @ is the synchronous machine speed, £’ q ;is the inside transitory voltage for engine i,

E',, is the inside transitory voltage for engine /, O;9> P,;oand X, are the respective extents of o;, P, .and

X

ei’

On another side, Table 1 highlights all parameter values of the interrelated generator power system (Guo et al.,

2000).

Table 1: Parameter values of the 3-interrelated generators

Magnitude Generator 1 Generator 2 Generator 3
@ 313.98 313.98 313.98
Xji 0.545 0.592 0.528
Xr 0.127 0.109 0.109
X4 1.856 2.355 2.355
X'y 0.257 0319 0319
T, 0.349 0.348 0.348
T, 0.198 0.196 0.196
R 0.049 0.048 0.048

K, K, 0.991 0.997 0.997
H 3.887 5.095 5.095
D, 4 5 5
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The resolution of (29) enables obtaining the control gain

K=yw™ (30)
Similarly, it allows calculating the observation gain
L=P'Z (31)

4. Illustrative example and numerical simulation

It is demonstrated here all achievements concerning the elaborated control scheme applied to a 3-strongly
interconnected machine power process, which is illustrated by the following figure (Huerta et al., 2011):

Figure 1: Three interrelated generators

The 3-interrelated machines are depicted under the following form:

z; ()= A4;z; () + B;u; (1) + E;(2(2)) 1
w()=Ciz, (1), =123 G2

3
with E,(z(?)) = ZCDI-J- P, (2;(2),z (1)) the interrelated terms between subsystems, U; (t) = AX,, the

i=l,i#j
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Noteworthy that the bilinear expressions are concentrated in [¢1] and @, . To transform the inequality (22) to
an LMI, the two-block diagonals shall be converted into LMIs. Thereby, we transform [Q)l] by employing the
following Lemma (Gahinet and Apkarian, 1994).

Lemma 2: Given a negative definite matrix A and a suitable matrix O such as @T A@ < 0. Yet, it exists

L € R so that

0" A0 <-plo" +6)- g4’ (25)
Applying Lemma 2 on (24), it yields

w o] L[x, T
e I (26)

Moreover, to transform inequality (26) into an LMI, we use the Schur complement formula (Pagila and Zhu,
2004). It follows that

—28W 0 Bl O

0 -2pwW 0 pI

27

[(Pl ] = Bl 0 X, P (27)
0 pl R -1

Thereby, the inequality (22) is equivalent, by using (27) and via the application of Schur complement on (23),
into the following LMI:

[—2pw 0 p 0 Y'BT 0 0 |
0 -28% 0 Bl 0 0 0
Bl 0 X, P 0 0 0
0 Bl P -1 W oT oT 0 28)
BY 0 o w Xx, wol - wi},
0 0 o o0 IIw -8 - 0
0 0 0 0 IILW 0 - =8I

with X, =A"P +P,A-C"Z" —ZC, X, =WA" + AW —Y"BT —BY and &, =1/c? for
i=1...N.
We can maximize the parameter bounds 0;, illustrating the interconnection functions, by minimizing the
unrecognized parameter J; . Hence, the proposed methodology is defined within this minimization issue.

N
minimize ),

i=1
subjectto W =W" >0, P, =P >0 (29)

and (28)
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X, K'B"P, P,
PBK X,+> . olMlm, P |<0 (19)
P, P, -1

where X, =A"P + PA—C"I'P—PLCand X,=A"P, +PA-K"B"P —PBK.

The problem is now obtaining an optimization issue subject to LMIs enabling the decentralized
observer/controller gains computation.

Note that (19) contains various unrecognized parameters entraining BMI. We propose this theorem to skirt the
encountered problem and obtain a convex optimization problem subject to LMIs.

Theorem: If exists W = wt > 0, P, = POT > 0 and positive constant0;, fori =1,...,N, such as the

elaborated LMI (28) is fulfilled with §; = I/O'i2 . Z=PL andY = KW, then the stability of (12) is
guaranteed.

For this end, let us first rearrange the inequality (19) by multiplying on its two sides with the filled-up matrix
1 0 0

0 0 1 (20)
_O I 0
It follows that
X, P, K"B'P,
P -1 P <0 21

o C

N 20T
(RBK P X,+ Y. ol
Afterwards, if performing (21) by

‘w0 0
o w o W=pP"
4
and introducing further variables ¥ = KW and Z = P, L, next we obtain
_[401] y'B"
w |<0 (22)
BY W @,
where
0= AW +WAT ~BY ~Y"B"+ Y oFwr! 1w (23)
and

oy 2Tz I ]

with X, =A"P + P, A-C"Z" - ZC.
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() = {g(t):| e {A ~-LC 0 } and B(z(1)) = {E(z(t))}
z(t) BK A—-BK E(z(t))

To perform the observer and controller gains K = diag(K;) and L = diag(L;), we propose a procedure

formulated in the LMI-based optimization problem.

3. Optimization design and LMI formulation

The salient features addressed here are to formulate Linear Matrix Inequality (LMI) conditions to guarantee the
steadiness of the acquired system. Thus, let's consider a renowned Lyapunov method indicated by

v(e(0),2(1) = &' ()p,e()+2" ()p.2(1) (13)

For the asymptotic stability, the time derivative of v(&(¢),z(¢))should be negative definite. The matrices

p. =diag(p,;) and p, = diag(p,;) aresuchas p, = p >0and p, = p; > 0.
The time derivative of (13), within the evolution of (3) and (11), yields

ety Tl = K'B"p, p,[ @)
z(¢) p.BK 2, P. z(t) |<O0 (14)
E(z(1)) Po P 0 | E(z()

where X, = A" p, + Ap, —C" L' p, — p,LCand X, =A"p, + Ap. —K"B" p. — p.BK .
Besides, inequality (4) is plainly transformed to

@) TTo 0 ol @)
) | [0 =Y om0z (<0 (15)
E(z@)| |0 0 I ECz@))

Thereby, the stabilization of the augmented system is conducted firstly with the aid of the S-procedure
illustrated by the following Lemma (Derinkuyu and Pinar, 2006):
Lemma 1: Let Qo and Q; be two arbitrary quadratic forms, if Qo < 0 and Qi < 0, then there exist 17 > Q such

that
0, -1 <0 (16)
Applying Lemma 1 on both inequalities (14) and (15), we obtain
sz, K'B"p, p, 0 0 0
pBK % p|-nlo =DV otmlm o|<o (17)
Po Pe 0 0 0 1
The inequality (17) is equivalent to
5 K"B"p, Po
pBK Z+ny. oMM, p, |<0 (18)
Do De -l

Po

If adopting the changes P =~ and P, = Pe
n

, then the inequality (18) becomes
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with A4, Band C respectively the block diagonal matrices of A4;, B;and C;, and

z(2) v (1) wi(?) E\(z(1))
2(t) = ZZ:(I) o(t) = Uzz(t) w(t) = sz(t) | E(z(t)) = Ez(z(t)) .
zy(?) vy () wy (2) Ey(z())

Besides, the interrelated function can satisfy the inequality

ET o) EGe) <0 X 011, )0 @

To obey the output-feedback control of the studied complex system, the subsystem control law is expressed as
follows

v;(t) =—Kz,(t) ®)
with K. e 9R™ ™" the subsystem input individually gain matrix and Z,(¢) the observed vector of the

Luenberger observer defined, for i =1... N, by

{z (1) = A4 2,(t) + B, (1) + L, (w,(£) = W, (1))

K ! (6)
w; (1) =C; z,(1)
with [, € R"1"Pi the local subsystem observation.
The global Luenberger observer for system (3) is illustrated by
{z*(t) = A 2() + Bu(t) + L(wW(t) — W(2)) o
W(t) = C 5(f)

with 2() =] ,23,..., if,rthe global system estimated vector and L = diag(L;)represents the
observation gain.

The control law for system (3) has the following block diagonal form:

u(t) = —K2(t) ®)

with K = diag(K;) the appropriate gain.

The evaluated error between the real state z,(¢) and the estimator output Z,(#) is expressed by

&(0) =z,(1)—Z,(0) ©)
Such an observation error is characterized in the below form

&) = (4, - LC)&; () + E;(2(1) (10)
Such an error, developed along (3) and (7), is presented as

et)=(A-LO)e(t)+ E(z(2)) (11)
The closed-loop system, involving (3) and (11), is then provided by

Z(1) = AZ(t) + E(2(2)) (12)
with
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mechanism. Nevertheless, in (Lu and Wang, 2010) and
(Mahmoud and Hussain, 2013), the decentralized con-
trol approaches consider all the states reachable, which is
invalid. The elaborated optimization problem can be re-
garded as a meaningful improvement of prior theoretical
studies on decentralized observer-based control for non-
linear large-scale interconnected systems. Besides, the
designed control scheme is a relevant solution to further
applicative studies on complex industrial processes such
as mobile robots, inverted pendulums, and many others.
On another side, the performance of the designed meth-

2. Model description

od is demonstrated through the application of a non-
linear complex power system. The three generators of
the contemplated process make it of elevated order and
arduous stabilization. Whereas, in a different example
of such a studied industrial process, second order mod-
els are used for subsystems (Li et al., 2009) (Sun et al.,
2011). In addition to that, various studies systematically
used standard and uncomplicated numerical examples
to investigate the presented decentralized controller/ob-
server techniques (Xiao and Mao, 2011), (Zhang et al.,
2019).

Let us contemplate the interconnected system for { =1,..., Nas

z;(t) = Az;(t) + B,v;(t) + E;(z(2))
wi(8) = C;z,(2)

where,

(M

N
. El_ ( Z(z)) = Z @ij o ( z; (t), z; (t)) the terms of interconnection,

i=Li%j
o z;(t) €R" the subsystem state vector,

e U/(t) € R"™ the subsystem command vector,

o wi(t ) e R the subsystem observation vector,

. @ij () e R"™" the interconnection matrix amongst subsystems,

. (z:(2),z.(t)) € R" the nonlinearity amongst subsystems,
pz] i <]

e 4 e R ,B; e R and C; e RPI>M the matrices of state, input and observation,

respectively.

Moreover, E;(z(t))are assumed to be undetermined in the domain of continuity and they satisfy the

following quadratic inequalities (Pagilla and Zhu, 2004):
T 2 T
E (2(0) E(z(0) < 072" (0) 1T, I1,2(0) @)
where O are bounding parameters to be maximized, /7 are recognized matrices and z(¢) reflects the global

system given as

{z'(t) = Az(t) + Bu(t) + E(z(1)) 3)

w(t) = Cz(¢)
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1. Introduction

Diverse applications dedicated to controlling non-
linear complex processes have recognized tremen-
dous considerations in the last few decades. These
applications are electrical power systems (Patil
et al., 2019), biochemical applications (Motee et
al., 2012), double inverted pendulums (Guo et al.,
2018), mobile robot systems (Nazarova and Zhai,
2019), spacecraft processes (Xua et al., 2013) and
transportation networks (Yazicioglu et al., 2018).
These industrial processes are generally charac-
terized by multi-variable systems with nonlinear
behaviour and significant parametric disturbanc-
es. Moreover, the robust control of such systems
is complicated since the interconnected controller
cannot be easily realized with the parameters of
each subsystem. In this context, a great awareness
was attributed to the decentralized stabilization of
interlinked systems as nonlinear (Dou et al., 2011),
(Chen et al., 2018); robust (Mao and Chu, 2010),
(Tong et al., 2007), adaptive (Zhang and Lin, 2015),
(Yoo, 2010) and fuzzy with Takagi-Sugeno’s form
(Guerra et al., 2006), (Wen et al., 2016).

The schemes mentioned earlier require the
knowledge of system state variables that are
unreachable or difficult to measure with physical
sensors due to their costs and precision (Xia et
al., 2015), (TIili, 2018). It is obvious to consider
a software state observer capable of reaching the
non-measurable states with high accuracy in this
situation. Nevertheless, the problem of decentralized
observer-based decentralized control techniques
is unfamiliar because the separation principle
does not apply to the classic linear observer-based
control because of the interconnection terms in the
system and the observation error. Consequently, it is
essential to take the decentralized state observer and
the decentralized control strategy in an augmented
system for the stability study and the control design
of the overall closed-loop interconnected systems
(Siljak and Stipanovic, 2000), (Xudong, 2009),
(Wang and Yang, 2017), (Yang et al., 2019).

The main contributions of the present work reside
in the design of a decentralized observer-based
control scheme and the development of a convex
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optimization problem involving a set of tractable
LMI constraints, which are outstandingly solved
by a one-stage procedure to concurrently calculate
all the parameters related to the decentralized state
observer and the decentralized controller. For this
goal, various mathematical tools/Lemmas are used
to overcome the encountered bilinear terms while
developing the proposed optimization problem in
the LMI framework. The designed optimization
problem provides exact LMI conditions, which
resolution is carried out in a one-step procedure to
compute the control and observation gain matrices
and maximize the system’s nonlinearity coverage
tolerated by the system without going unstable.
Nevertheless, in (Tlili and Benhad; Braiek, 2009),
the obtained bilinear matrix inequality (BMI)
conditions are not systematically transformed
into LMI constraints. Still, they are solved by an
iterative algorithm with a two-step procedure. The
first-step resolution calculates the control gain,
whilst the second step resolution permits computing
the observation gain. Consequently, this procedure
with separate steps leads to conservative results and
suboptimal solutions since this algorithm is strongly
dependent on the different variables obtained in
each step, see for instance (Yan et al., 2000), (Tong
et al., 2007), (Dhawan and Kar, 2011), (Tlili et al.,
2011), (Xia et al., 2015), (Pujol, 2009), (Zhang et
al., 2015). Furthermore, the BMI constraints make
the problems much more complicated than the LMI
ones due to their non-convexity and possible non-
smoothness (Apkarian and Hoang, 2000).

In addition, in previous works the decentralized
control strategy results are formulated by the use
of the Hamiltonian function technique (Liu et al.,
2013) and the algebraic Riccati equation (Tumma-
la et al., 2018), which cannot be quickly resolved
and cannot handle different kinds of additional
constraints. Furthermore, in the designed control
approach, the nonlinear interconnection bounds
are maximized as much as possible without losing
the system stability. The nonlinear interconnected
springs are considered constants (Dhbaibi et al.,
2009). Furthermore, the decentralized state observ-
er is built to provide the state behaviour that is high-
ly helpful for numerous purposes as the supervision
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IPM oil and crystal violet in deionized water), (b)
without stirring solid and (¢) with stirring solid.
Results revealed that Sudan IV dissolved dye does
not spread as does the solid stain with and without
stirring, proposing that the emulsion’s disseminate
phase is not an oil phase (Samanta et al., 2010).
While crystal violet solution and solid, with and
without stirring, spreads in emulsions indicating
that the disseminating medium was water as the
dye can be scattered inside the continual phase.
This confirms that ASG and AMF gum emulsions
are O/W emulsion systems (Daoub, 2016).

4. Conclusion

Although the IPM oil used in this study was of
low density (0.845g ml-1), ASG and AMF gums
formed a remarkably stable emulsion without a
weighting agent. The stability increases as the
oil concentration increases. According to these
investigations, the viscosity, oscillatory and
rheological measurements provide robust methods
of emulsion characterization. It was also found that
the AMF gum produces higher viscosities (at a high
shear rate), higher moduli, smaller droplets, and
more stable emulsions than ASG gum. ASG gum
emulsions were more sensitivetothe factors affecting
the stability. While the shear-thinning behaviour of
the emulsions of ASG gum is suitable for processing
and some applications in the food industry like
ketchup and mayonnaise, the Newtonian behaviour
and higher moduli values of AMF gum are similar
emulsions are ideal for another’s like juice. The
gums blend emulsion enhanced stability, flow, and
dynamic rheological behaviours. This knowledge
may lead to a better understanding of ASG’s and
AMF’s gums emulsifying activity and present ways
to enhance these effects for future study.
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Figure (8): The average droplet size variation of ASG (solid symbols) and AMF (open symbols) emulsions

versus time in various IPM concentrations.

3200

3000

2800

2600

Average Droplet Size (nm)

2400

2200

—a— ASG
—e— AMF
—4a— 1:1 Blend

T T T
Dayl Day3 Day7

T T T
Day14 Day21 Day28

Number of Days

Figure (9): The average droplet size variation of ASG, AMF and their 1:1 gum’s blend emulsion versus time in

20% IPM oil concentration incubated at 45°C for 28 days.

3.6. Phase Separation Stability Test

Emulsion fractions were measured for the ASG,
and AMF gum emulsions incubated at 45°C for
28 days and plotted against some days. It was
observed that AMF gum emulsion was more stable
against phase separation than ASG gum emulsion.
The 20% oil concentration emulsion was the best
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concentration for both gums, as emulsions with
lower oil concentrations were less stable.

3.7. Dye Solubility Test

Crystal violet and Sudan IV dyes were added to the
emulsion of ASG and AMF gums in three different
ways; (a) dissolved (a few crystals of Sudan IV in
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ASG D1

Figure (6): Morphology of 20% IPM ASG and AMF gum emulsions after one day (D1)

and seven days (D7) of incubation at 45°C.

SRS ] Blend D1

1:1 Blend D7

Figure (7): Micrographs of ASG, AMF, and 1:1 gum blend emulsion samples in 20%
IPM oil concentrations after one day (D1) and seven days (D7) of incubation at 45°C.

3.5. Particle size analysis:

In an accelerated stability test, Acacia gum
emulsions (ASG & AMF) were analyzed with
Coulter N4 Plus to measure droplet size at different
oil concentrations (Figure 8). The results agree that
the higher IPM oil concentration, the more stable the
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emulsion is. AMF gum emulsion is more durable
than ASG gum emulsion, as AMF gum produces
a smaller droplet size (2524-2841nm) than ASG
gum (2697-3071nm). Figure (9) shows the average
droplet size of the two Vulgares gums and their 1:1
blend emulsion. It was found that the blend formed
the smallest average droplets size (2416-2758nm).



Rabeea Daoub, Misran, Hassana, Osman: Rheological and Physio-chemical Properties of Two Acacia Gums and Stability of their Emulsions

Figures (5) show dynamic rheological
measurements of the emulsions formed by
ASG and AMF 1:1 gum blend. The blend’s
emulsions behaviours were similar to that of
gum’s solutions and emulsions. (Niknam et al.,
2018). The viscous modulus dominates over the

elastic modulus, implying a vicious behaviour
(Valdez et al., 2006). It is found that the 1:1
ASG: AMF gums blend emulsion showed higher
viscoelastic properties than that of the individual
gum’s emulsions, resulting in enhanced emulsion
stability.
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Figure (5): Oscillation frequency sweep test of emulsions formed by ASG, AMF, and 1:1 gums blend in 20% IPM oil

concentration.

3.4. Emulsions’ Morphology

The morphological structures of ASG and AMF gum
species emulsions were studied after one and seven
days of incubation at 45°C. The oil droplets were
spherical and retained their structure despite dense
emulsion reflecting remarkable stability. Acacia
gums increase the continuous phase viscosity,
which reduces the mobility of the droplets. For

34

ASG gum emulsions, growth of oil droplet size
from day one to day seven was observed. For AMF
gum emulsions, the droplet’s size doesn’t change
over the same period (Figure 6). Figure (7); show
the morphology of the emulsion formed by a blend
of ASG and AMF gums (1:1); it was observed that
the droplets formed were smaller than that created
by the parent gums.
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3.3. Oscillation Frequency Sweep Test

Emulsions® oscillation frequency sweep at the
studied IPM oil concentrations shows elastic and
viscous moduli frequency dependence. However,
the elastic modulus drops before rapidly increases,
leading to molecular association buildup, and the
storage modulus is dominant over the loss modulus
(Li et al., 2011). This point shifts to a higher
frequency and higher storage modulus value as the
oil concentration increases. This behaviour may
be attributed to the onset of disentanglement of
polymer molecules of the gum at each particular
point and regain of structure forming a network
around the oil droplets which do not themselves
rupture as the test was performed at the region
of linear viscoelasticity of the emulsions. At this
point, droplets might also be elongated, but no

rupture or deformation is expected. For both gums
emulsions, the viscous modulus dominates over the
elastic modulus, implying a viscous-like behaviour
(Valdez et al., 2006). Both moduli values are higher
for ASG than AMF gum emulsions as in Figures
(3) and (4). These findings suggest that Acacia
gums emulsion are stabilized by network formation
of polymer molecules around the oil droplets
preventing them from coalescence or aggregation
rather than Dbeing stabilized, as primarily
understood, by adsorption of gum molecule via the
protein moiety on the surface of the droplet (Al-
Assaf et al., 2006; Garti & Leser, 2001; Randall et
al., 1989). The suggested mechanism of emulsion
stabilization might be considered as plausible
reason for the emulsification abilities of Acacia
gums of low protein content.
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Figure (3): Oscillation sweep frequency test from 10 to 10 Hz for ASG gum at different IPM oil concentrations in 25°C.
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Figure (4): Oscillation sweep frequency test from 10! to 10 Hz for AMF gum at different IPM oil concentrations in 25°C.
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Figure (1): ASG (solid symbols) and AMF (open symbols) gum emulsions viscosity profile in different IPM oil
concentrations when ranging shear rate from 0.01 to 1000 s at 25°C.
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Figure (2): Viscosity profile of emulsions formed by ASG, AMF, and 1:1 gum’s blend in 20% IPM oil concentration.
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QWin software for image analysis After previous
dilution in deionized water (1:3 w/w), Under
the microscope a drop of sample emulsions were
examined by positioning on a microscope slide and
then covered using a coverslip. (Desplanques et al.,
2012). Variances in droplet size and semblance of
emulsion were observed after one and seven days
of incubation at 45°C.

2.8. Particle Size Analysis

Using (Coulter N4 Plus), the average particle size
of Acacia gum emulsions was obtained, a 0.05g of
emulsions were diluted with Sml deionized water.
Quartz cuvette (lem path length) was used for
determination of the particle size dimensions and
performed at a constant temperature of 25°C (Sani
et al., 2009).

2.9. Phase Separation Stability Test
The destabilization of Acacia gum emulsions
in terms of phase separation was observed by

measuring the heights of phases and calculating
emulsion fraction as a percentage while incubating
the emulsions for four weeks at 45°C (Wei &
Huang, 2019).

2.10. Dye Solubility Test

Dye solubility test using Sudan IV, soluble only in
oil, and Crystal violet, soluble only in water, was set
to determine the continuous emulsion phase (Saw,
2013).

3. Results and Discussion

3.1. Gums physicochemical properties

The Acacia gums samples were analyzed, and the
results data were tabulated in Table (1). Samples
analysis was accomplished, and each average
was calculated from triplicate measurements. The
Acacia gums species’ physio-chemical properties
were found to achieve the specifications reported by
Karamalla et al. (1998) and Al-Assaf et al. (2005b).

Table (1): Acacia gum samples physico-chemical properties.

Gum | Moisture | Ash (%) | pH | Nitrogen Protein Specific Optical | M x10°
(%) (%) (%) Rotation

ASG 9.76 3.40 4.94 0.327 2.158! -31.75 0.24

AMF 9.56 2.50 4.53 0.630 4.158' -48.25 2.01

16.6 NCF(Anderson, 1986)

3.2. Viscosity and flow measurements of gum’s
and blend’s emulsions

The two species of Acacia gum emulsions showed a
decrease in viscosity by reducing oil concentrations
from 20% to 10%. ASG gum emulsion showed
higher viscosities than AMF gum, but as the share
rate increases, the viscosity increases, leading to
shear-thinning behaviour. The viscosity of AMF gum
emulsions remains constant at the entire shear rate
range indicating a nearly Newtonian behaviour. This
behaviour is affected by the molecular association
exhibited at a low shear rate where viscosity is
governed by the elastic contribution reflecting the
existence of molecular association in the continuous
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phase. In contrast, only the viscous contribution is
dominated at a higher shear rate above 50s-1 as a
complete breakdown of molecular association. At
this condition, 4Acacia gums emulsions show purely
Newtonian behaviour, as reflected in Figure (1). These
outcomes are inconsistent with the initial results
of Sanchez et al. (2002) and the work that insisted
that Acacia gums impart emulsions stability through
electro-steric mechanization with the dominance of
the steric contribution. Figure (2) reflects the flow
behaviour of gums blend emulsion. It is found that
the emulsion formed with the 1:1 ASG: AMF gums
blend exhibited an intermediate flow behaviour (shear
thinning) between the two parent gums emulsions.
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phases’ rheological characteristics, as an example,
oil droplets creaming depend substantially on the
viscosity difference between the aqueous and the
oil phase. During the homogenization processes
the competence of droplets disruption relies on
the viscidity of the constituents separately, beside
the overall product’s rheology (Arora, 2011;
McClements, 2004). This work aimed to describe
the factors simulating the emulsions stability of two
Acacia gums, Acacia mellifera (AMF) and Acacia
Senegal var. Senegal (ASG) blends in concentrated
form without weighting agents or preservatives at
different oil concentrations.

2. Materials and Methods

2.1. Materials

Gum Arabic, Acacia senegal var. Senegal was
acquired by Dr M. E. Osman (season 2013), Centre
of Natural Gums Research, Sudan University of
Science and Technology. Acacia mellifera was
obtained from Gum Arabic Research Center, El
Obied, Sudan. Isopropyl myristate oil was purchased
from Spectrum Chemical MFG in the dispersed
phase. CORP., Deionized water (18.2MQcm!
resistivity) was used throughout this work.

2.2. Samples preparations

Nodules of gum samples were cleaned by hand,
dehydrated at ambient room temperature, and
mortar and pestle were triturated and then preserved
in tagged plastic containers before analysis.

2.3. Gums physicochemical properties

Following AOAC procedures, gum samples were
analyzed to determine ash, moisture, nitrogen
content, pH, specific optical rotation and molecular
mass (AOAC, 1990).

2.4. Preparation of emulsions

Based on dry weight, an adequate amount of
gum samples was made to dissolve in a weighted
quantity to make 30% (w/w) gum solutions in
deionized water, stirred using a magnetic agitator
for 3 hours, then for complete hydration was left
overnight, centrifuged forl0 minutes at 2500 rpm
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and 25°C to remove insoluble particles and air
bubbles (Sanchez et al., 2002). The mixture was
permeated via a 100 um mesh. To a suitable quantity
of aqueous gum solution, varied weights of IPM oil
were added to make different oil concentrations
(10%-20% w/w) and 20% gum concentration. Ultra
Turrax T25 basic IKA homogenizer was operated
at 24,000 rpm for 5 minutes to prepare emulsions.
The prepared emulsions were preserved and
incubated at 45.0+0.1°C to undergo the accelerated
aging process. By monitoring changes in emulsion
appearance for four weeks, the stability of emulsions
was determined (Daoub et al., 2018).

2.5. Preparation of gum blend’s emulsions

The Vulgares gums (ASG and AMF) were blended
with a 1:1 formula. Gums blend emulsion was
prepared with an optimum IPM oil concentration
(20%) and 20% total gum content.

2.6. Flow and dynamic rheological measure-
ments

CVO-R Rheometer Germini™, Malvern Instrument
UK equipped with Peltier Plate system temperature
regulator, was utilized for rheological evaluations.
Samples were positioned in cone and plate geometry
(4° angle and 40mm diameter) and a solvent trap
preserver at 25°C. Emulsions flow measurements
for the two Acacia gum species ASG and AMF, after
one day of incubation at 45°C, were conducted. For
dynamic measurements, at a fixed oscillation strain,
a frequency sweep from 0.1 up to 10 Hz was run,
and storage modulus (G') and loss modulus (G")
were acquired. Preceding each frequency sweep
performing amplitude (strain) sweeps the region
of linear viscoelasticity was determined. The study
was focused on the elastic modulus (G') and the
viscous modulus (G").

2.7. Morphology of Emulsion

To monitor the emulsion droplets formed Polarizing
Light microscope from Leica model PM RXP,
Germany was used. Polarizing microscope unit
was provided with unit for polarization and a JVC
Color Video camera model KY F550, connected
with personal computer equipped with Leica
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1. Introduction

More than 1300 Acacia species exist globally.
America’s natives are over 180, Africa’s are 150, and
95 are Asian and Pacific. About 1000 are domestic
to Australia. Sudan is considered the largest world’s
gum Arabic producer (Couteaudier, 2007), and
palatable biopolymer exudates are obtained as
natural products of grown trees of Acacia Senegal
var. Senegal and Acacia Seyal var. Seyal grows
predominantly in the Sahelian countries in the
African region. This natural exudate is a glutinous
liquid, opulent in soluble fibres discharged from
the branches and stems when subjected to incisions
deliberately or accidentally (Montenegro et al.,
2012). Six carbohydrates moieties constitute
Gum Arabic which is a complex polysaccharide.
These are: rhamnose, arabino-pyranose, arabino-
furanose, galactose, 4-O-methylglucuronic acid
and glucuronic acid (Enriquez et al, 1989).
Depending on the species, Acacia gums derived
from different species possess a changing protein
content (Anderson, 1986). When size exclusion and
hydrophobic affinity chromatography were used to
fractionate gum Arabic, three significant fractions
have obtained: glycoprotein, arabinogalactan
protein, and arabinogalactan (Li et al., 2009;
Randall et al., 1989; Renard et al., 2006). Gum
Arabic has been used in different beverages and
foods for decades, especially as a stabilizer and
as a natural emulsifier for citrus-flavoured drinks.
Acacia Senegal var. Senegal is the commonly
used gum Arabic in food products. Although
some polysaccharides like modified starches,
in particular, has made significant advancement
to replace gum Arabic, gum Arabic remains the
best choice to be used in citrus-flavored cloudy
beverages emulsification (Buffo et al., 2002; Ray
et al., 1995). Many gum Arabic properties are
considered unique, inclusively forming stable
emulsions in electrolytes and over a wide range
of pH, a certain important quality in the beverage
industry (Jayme et al., 1999). For the consumers, the
most favourite feature is the emulsion’s stability of
these beverages, which influences product quality.
Therefore, emulsion stability is an essential issue in

29

the industry of beverages (Arora, 2011).
Different varieties of rheological properties are
manifested by food emulsions, ranging from
plastic materials to viscoelastic and low-viscosity
Newtonian liquids. Usually, the essential ingredient
in food emulsions to handle instability due to
creaming is Hydrocolloids. There is a mounting
assurance to recognize the colloidal fundamental
of the food emulsions rheology. Viscoelastic
mensuration is proper paraphernalia for earning
information about the microstructure of the system
regarding the arrangement of the macromolecules
in the medium (Lorenzo ef al., 2011). In beverage
emulsions, hydrocolloids are availed as stabilizers
and emulsifiers. Hydrocolloids stabilized these
emulsions through steric hindrance, electrostatic
interactions, and viscosity effects. Hydrocolloids
proper for this objective should be highly soluble
in cold water, have a high emulsifying capability,
have low viscosity in solution, and have no
coagulate effects and/or thickening with ageing.
(Buffo ef al., 2001). Gum Arabic is a well-known
polysaccharide used in emulsions of beverages.
Gum Arabic is a unique hydrocolloid due to its
superior emulsifying properties and low viscosity
despite its high molecular mass, around 400,000
Da (Buffo et al., 2001). Gum Arabic’s great cold
solubility is conferred to the compact, highly
branched structure combined with the poly-anionic
character. Concurrently, the gum Arabic solution
viscosity is low in contrast to hydrocolloids of
comparable molecular mass, and for gum solutions
of concentrations up to 20-30% or higher, their flow
behaviour was observed to be Newtonian (Anderson
& Rahman, 1967; Sanchez et al., 2002; Williams
et al., 1990). Previous articles have described
the nature, origin, and characteristics of the gum
transude of Acacia Senegal var. Semegal and
Acacia Seyal var. Seyal. Both exudates are passable
within the regulative instructions of ““Gum Arabic”
utilized in the food production manufacture. (Al-
Assaf et al., 2005a; Al Assaf et al., 2005b; Flindt et
al., 2005; Siddig et al., 2005).

Food emulsion’s rheological properties information
is substantial for some perceptions. For many foods,
emulsion expiration depends on the component
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Abstract: Acacia plants are leguminous tree species that are well adapted to Sudan and Sahelian agro-ecology of Africa. In
Sudan, gum Arabic plays a significant role in rural life and economic activities. The study aims to characterize two Acacia gums,
including their emulsions and blends. Acacia Senegal var. Senegal (ASG) and Acacia mellifera (AMF) gum emulsions were
prepared without the addition of weighting agents or preservatives using different concentrations of Isopropyl Myristate (IPM).
The viscosity of ASG and AMF gum emulsions showed oil concentration dependence and displayed Newtonian flow behaviour
at a shear rate beyond 50s-1. Shear-thinning flow was also observed at a low shear rate for both gums’ emulsions which is
more pronounced for ASG, suggesting the alignment of gum molecules with the shear direction. The dynamic rheological study
showed a moduli frequency dependence pattern suggesting network formation of the gum molecules about the emulsion’s oil
droplets. The morphology of gum emulsions exhibited spherical and dense droplets. Over four weeks of incubation at 45°C,
particle size measurements showed that AMF gum formed smaller and more stable droplets than ASG. Phase separation was
observed at low oil concentration for both gum emulsions. The dye test confirmed that ASG and AMF gum constitute an oil in
water (O/W) emulsion systems. Emulsion of blended Vulgares gums (ASG & AMF, 1:1 ratio) was prepared with the optimum oil
concentration, which was 20%, showing enhancement of stability and rheological properties.
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