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Study on the mechanism of berberine in improving diabetes mellitus type 2 combined with metabolic-
associated fatty liver disease
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ABSTRACT OBJECTIVE To investigate the potential mechanism of berberine improving diabetes mellitus type 2 (T2DM)
combined with metabolic-associated fatty liver disease (MAFLD) by regulating ceramide. METHODS Thirty-two db/db mice with
blood glucose levels>>11.1 mmol/L (T2DM model) were divided into four groups: model group, berberine low- and high-dose
groups [100, 200 mg/(kg-d)] and metformin group [300 mg/(kg-d)], with 8 mice in each group. Additionally, 8 wt/wt mice were
selected as the normal control group. Mice in each group were administered the corresponding drug solution or water by gavage
once daily for a continuous period of 6 weeks. During the experiment, the body weight of the mice was monitored, and the
differences in final body weight were analyzed. After the last administration, the body shape of the mice in each group was
observed, and their fasting blood glucose (FBG) and the lipid indicators [total cholesterol (TC), triglyceride (TG), low-density
lipoprotein cholesterol (LDL-C) , high-density lipoprotein cholesterol (HDL-C)] were measured. Fasting serum insulin (FINS)
levels were also measured, and the insulin resistance index
(HOMA-IR) and

insulin  sensitivity index (ISI) were
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calculated. Liver weight, liver index and serum liver function
indicators [alanine transaminase (ALT), aspartate transaminase
(AST)] were assessed, and hepatic histopathological changes
were observed. Additionally, the expression of fatty acid
synthesis-related proteins [sterol regulatory element-binding
protein 1 (SREBP1) , fatty acid synthase (FASN) , acetyl-
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CoA carboxylase 1 (ACC1)] in liver tissue was examined. Serum samples from the normal control group, model group, and
berberine high-dose group were collected for non-targeted lipidomics analysis and validation. RESULTS Compared with the model
group, the pathological changes, including disordered liver tissue cell arrangement and lipid vacuoles, were significantly improved
in the berberine low- and high-dose groups. The significant decreases or down-regulations were observed in body weight in the last
week, as well as FBG, TC, TG, and LDL-C levels, HOMA-IR (except for the berberine low-dose group), liver weight, liver
index, AST and ALT levels, and protein expressions of SREBP1, FASN and ACCI1. Additionally, HDL-C levels, FINS (except
for the berberine high-dose group), and ISI (except for the berberine low-dose group) were significantly increased (P<<0.05). A
total of 21 potential differential metabolites, including multiple types of ceramides, were identified; these metabolites were
primarily enriched in sphingolipid metabolism and glycerophospholipid metabolism pathways. Verification experiments confirmed
that high-dose berberine significantly reduced the serum content of ceramide in model mice (P<<0.05). CONCLUSIONS Berberine
reduces insulin resistance, improves liver damage and lipid accumulation in the T2DM combined with MAFLD mice, and these
effects may be related to the reduction of ceramide content.

KEYWORDS berberine; diabetes mellitus type 2; metabolic-associated fatty liver disease; non-targeted lipidomics analysis;

sphingolipid metabolism; ceramide
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1 ##
1.1 FEUE

AHIFE T B XA A1 45 VICTOR Nivo H Z I fig
fifg A% ( 5[5 PerkinElmer 23 &) ) . PES-QN4 5 XU ~7 5
FEL 9 R UK R () N3 — R 5 R A BR A F ) L Chemi-
Doc MP BUAb 24 K 6 5 2 e [0 Ak A= B2 24 7= i (1
T ) 7 FRZ> 7). DPOSL339P A ifi 4% (1 [ Bayer 24 7] )
X500R Q-TOF AU Ji7 i {% ( 35 [E SCIEX A w] ) . Waters H
Class Plus Iy AH €4 1545 (52 [ Waters /3 H] ) 55
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1.2 FEHRE5RAF

/NBERREURL2Y (415 2086-83-1, 41 999% )W H L 1fF
BT T A AR IR0 A7 B2 ] 5 6 i — H RO iy
(RS IE 35 C12561877, 46 97% ) 1142 sipk
AR B A FR A ] 5 IR 4R (Jit 5 DPSLMB3F32D)
i) [ 78 5 Bayer 2 ) 5 IfiL 7 &4 JH [# B% (total cholesterol
TC) . H Il =Bk (triglyceride , TG ) %5 & Jig 25 11 HH [ 5
(low-density lipoprotein cholesterol, LDL-C) . /& % £ Jig
£ M I [# P (high-density lipoprotein cholesterol, HDL-
C) N & iR 7 4 fiff (alanine transaminase, ALT) . K& %
1% % % [if# (aspartate transaminase , AST ) £ 27 &5 (It
S % A A111-1-1, A110-1-1, A113-1-1, AL112-1-1,
C009-2-1,C010-2-1) ¥ [ R 50 A ) T AW 5
/N B 25 I 6 1% & (fasting serum insulin, FINS ) B¢ 0 558
W BfE I 5 (ELISA) G0 1077) € (41t°5 TAE-358M) I H X
B B A WA BR 23 \ 5 /B Cer ELISA A7) &
(Hit5 MM-47251M 1) W 1 VL5 il G Sl A BRA 75 =
Kot H AL TR 4 - 3R DA M T i B H Uk (SDS-PAGE) |- F 2%
M (5X ) \RIPA 2k (5% ) \BCA 1258 & (573501 hy
A039241204 ,A150241220 ,XK357435) ¥y 1 |38 =
RAEDIFAR KA AT PR A 5 Bl — 9 £ M (PVDF) i (it
50000329585 ) 1 [ 5 [E Millipore 23 7 5 Gyt [ s i
Ju4k 4 2 1 1 (sterol regulatory element-binding protein
1,SREBP1) . JIlg i 2 & i (fatty acid synthase, FASN) . Z,
k4t i A ¥R 1L 1 (acetyl-CoA carboxylase 1, ACC1) .-
WLBl & 1 (B-actin) 2 sEREPUAFIBAR L A ALl (HRP)
Fric 09 1 E B R e RE K 11 G Zht (HE 5 43 51 ok
AF4728 \DF6106, AF6421 , AF7018,S0001) ¥4Iy [ 3%
Affinity A A
1.3 SKIeEhY

AT 8h4°h SPF it BKS-db (db/db) 71N
(32 H) FIfEPE BKS-wt(wt/wt) /N (8 H), 3~4 JHil% 1A
H(15+3)g, WA ARG RAEYVFHHABRA A, 71
AJHIES A SCXK (#)2023-0067, i /NI 35 F )
PH = 24 R 2 B v L B B v 24 24 B S 5 R ) B
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KW by (RE 22~24 °C AHXRE 60%~T70% 4512 h
DR BRRE ) N o ANWFSE 7 28 3l A i B SE g sh W e
PR D3 o W A b (SRS AEWC-2024350) .
2 AL
2.1 &R HESHRY

A /N B R P MR 1R e R K > 1101
mmol/L"” iy db/db /)N i (Bl T2DM #5581/ L) 32 HL, #4AK
TP AL /INEERRAIS | =555 A1[ 100,200 mg/(kg-d),
L 0.5% #2 H JL£F 2 R ANV W i 71, 770 525 FH 56 SC
FRIVR 51 52 56 445 SR 15 1A — Y XU ZH [300 mg/(kg-d) ,
T 2 2 W DA FR1) R 0 S 2 SR A ), B2 8 L B
wt/wt /N8 U MERIEH ST B2 . 4% 259020/ BRHE 1 A
N 25, 1E 0 R ZH AR AR 20 /N SR B AR RRUK AR R L
W FREE6 8, SEERibE], 41/ RISIE H R oK.
22 FE (KBIWE KM

S 1 (), g J 0 2 52/ B R 43 b LR R 4
HEER. RIRGZIEEE AEK6hGE, TE4/MNUE
I, >R FH H0AASCAG 0 JH: 243 ) 1 A7k ( fasting blood glu-
cose, FBG) /K-, B , UASTH UBEM A RRIEAS-2H /N B, 78
HR BRI I LA ST0HE 58 7R A B, 2 HLAR R 41 B T
BUMAFETH I F#E 1 hJ5, LL3 500 r/min 20> 10 min,
S FIZ MG, T —80 °C FARAF, & IO BUFAE,
NREE AR PRI S5, BGER70 FH 4% 22 58 W 5 R 1
5B, HAEY T —80 °C R RAF, #5101,
2.3 [MAg R BFIhREFSFREE M

H2.27 300 45 21 /I8 BRI T R i o, ¢ BRI 3458
G UL RARAE A FHBEARAS TR B T A He il 37 vh
TC.TG.LDL-C .HDL-C & #& Ml ALT \AST /K~F. [RIH},
Fi T AT RS £ SRS H= I o &/ /)y B R X
100%.,
2.4 FINSHMEHBEXSHITE

B “2.2” 00 4% 2H /0N BRI 35 B A O o, 422 BB R VL
ELISA 55 & i5d B 5484 | (o FH b A SRz 0 JHL 1M 7 FINS
AP, IF4% T AR S = AL 2 (HOME-IR) | i &
2 R YE 48 %% (1S]) : HOMA-IR= (FINS X FBG)/22.5;
ISI=1/(FINS X FBG)"",
25 MTALAREZIZE

HU“2.27 T00F 45 2 /N B4 A% 22 58 BT 5 11 5 1Y)
JFA 20 o, DLW R | R FE K S AT 5 A A
W YR REEZ 4 wm) s Y] R, &8 AR -1 (HE ) 4%
5, S B I L 2 25 B2 A A R
2.6 BTHELFERERS KHEXEBRIEKN

K JH Western blot 7K o HU“2.27 500 R 2541/ R R
TEHI T ZE B A RIPA i (55 25 1A B i 70 A
MR B IR , 219, F 4 °CF LA 12 000 t/min £5.0> 15
min, B F I FIERA BCAEMEE Ak ER, T
100 °C F I #4% 10 min A8 V£ o BUAR PR A 38 &, dE 17
10%SDS-PAGE 43 i , ¥ % 2 PVDF Jii I, D) 5% it g 2
W5 &P 1.5 hy PR IS L A G B R A R A G E E
(SREBP1,FASN ,ACC1) Fl N Z & I (B-actin) — 4T (Hi
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BEEEXI N 1:1000), T4 °C R HE 40 YERLS L in A
N (R BEREE R 1:10 000),, FEIR FIFE 1.5 h; FRK
VERR S , L ECL &G o, I T2 RO E R4 T
G fH Image JHAE AT HE A SASE AR
R B HLE , AR B B8 RIAXT Rk &

2.7 EBEERESZESEIE

2.7.1  FETHEM R BT S TS AT s A2 R

(1) FEALR PR 2,27 300 1E % B2l IR /)
SR e 7R 2N BV R T 45 20 L, R 225 L, 1
BEWEAT5 s, A FEBUT 20K 750 pL, T T HE 30
min; flI7K 188 wL, IR HENR 2] 20 s, T2 i F &t & 10 min,
T4 °CF LA 12 000 r/min #5.0> 15 min; B35 700 pL,
PLAAIRIR T BB A W (N BE- L iE-7K , 30:65:
5,V/V/V)100 wL, W figi ) 30 s, F-F 4 °CF LA 12 000
r/min &0 10 min, BCETER, &0, B4 HAEA T
B 5 L, {R2T, 1E M FidE (quality control, QC) A, H
TR R G R e .

(2) 55 FUE A% 14 - B E AR RIS & A QC FE i 4%
1 f , R FHRORH €33 - DU AR - &A T s i) BT 33 266 FH (LC-Q-
TOF-MS) £ R ¥ 47 %M . LA Phenomenex Kinetex Cis
(2.1 mmX 100 mm, 2.6 wm) K A, LLK- 2 - H s
(3:1:1,V/VIV; & 5 mmol/L ZFRER ) Wi sh Al A NS
(% 5 mmol/L Z /2% ) J it 2l AH B #4146 BE VB (0~0.5
min, 20%B; 0.5~2 min, 20%B—40%B; 2~4 min,
40%B—60%B; 4~12.5 min, 60%B—98%B; 12.5~14
min, 98%B; 14~14.1 min, 98%B—20%B; 14.1~17 min,
20%B) ; ¥ A 0.3 mL/min; £E 3 Jy 40 °C; ERE R Ky 1
pLo SRATHEMEE B 1R, F1E 0 P #6477
I IR] BT 3% — A4, S 53 3 m/z 10~1 500,
m/z 200~1 500 ; & YR E R 500 °C 5 &5+ U5 HL % 43-31)
15500 VOIEE ) . —4 500 V(T ES 1) s B 451
J780 V(IEEF) . —80 V(1 &+ ) ; filf 18 HL & 43l 4
(40 £20)V(IEE ). — (40 £20) V(AT )

(3) K Ak 2 - WA FE A 0 (B0 IS5 R, R A
SCIEX OS R {4 T o W ORI —fRAh 3, I3
T ARAE B A5 B PR B B TR) S5 A A 22 AR B
Mo DAH—Afb )5 r g T AR R A8 o, ok HI SCIEX OS 4
VAT IC W8 1Y 32 4343 B (principal component analysis,
PCA) . e /Iy — 3 ¥ - H 53l 53 #1 (partial least squares-
discriminant analysis, PLS-DA ) & 100 ¥ & #4556, LA
A RY () Rl S XG0 1) Jr A AR R A 7 25 52 4
Br, IF 1155 H AR 55 5 2 4% 5% (variable importance in
projection, VIP) , LA VIP>1 4 [A] 2 57/%4 (fold change,
FC)>1.50 5 <0.67 . 77 2 43 #7 Ir 1% P<<0.05 A5 e , i
VEVEAE 2= S AT AR R ik 2., Al A HMDB %4
J (http://hmdb.ca/) , #1251 2 W5 76 22 AR (1 4544 5
H| | MetaboAnalyst 6.0 7£ 2 °F- 5 (http : //www. metabo-
analyst.ca/) 17138 B & 48 504 , LA 5% ) (path-
way impact) {H >0.10 (3% 5 {838 1 B AR b A5
19) it e AR AR
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2.7.2 BT ELISA SEG I AERE v doriiE

HR“2.27 W00 IE 6 B2 AU /N ey 7] e A
/1N FRALTE A i 53 B, $2 HEFF N ELISA 0] 65 v BH 45 5
VB A58 A SRS JEE 1 355 v 2. 7.1 350 A P A
) E5 o
2.8 FitFEFIE

K FH SPSS 27.0 B X HEA TG 1T b o A S
BAIRFFEIES MG, Lhx + s FoR , 4L1A] ok F 20 N %
J5 50T, E— 25 P LU R ] LSD-1 K 56 . K B0 /K
a=0.05,
3 HFHR
3.1 INEEREXP/NRANE KR FBG K TR

5 1F H 6 B 2H [ 4K (23.99 £ 1.64) g, FBG /K °F
(5.24 + 1.08) mmol/L] F 5 , #5274 4 /) B4 7Y BH & I e
A JE AR 5 [(55.60 + 4.26) g] Al FBG /K ~F[(30.03 + 3.27)
mmol/L] % i 3 1 & (P<<0.05) ; SRR M A, — 1 AL
JICEEL /N BE AT 7] £ 2L /DN B o 9] 2/ N BRUAAR BB 3 A
BT Rk /)N , R FA R B [(47.70 £3.69) | (48.30+5.54) |
(50.89+ 1.61) g] 1 FBG 7K “F-[(19.89 +5.77) | (23.21 +
5.80).(17.85+5.30)mmol/L]¥J i} F (K (P<0.05), 4%
RILE 1,

T 1
6 8

T
0 2

4
R TE] /5]
ANRE (R +s,n=8) B. {7
T IEH X R s I AR 5 T~ XUIRA 5 IV < /N BRE ARG 5] o
25 Vo /NBER S R 2 s 5 0E H X IRAE LU, P<<0.053b: SR

Az P<<0.05,
1 FHPMREERERLLE

3.2 INEEGXT/INER MBS TS ARAY S

5 IEH % IR He s, R4 /N BUALT TC . TG . LDL-
C o83 % T, HDL-C & & i E K (P<<0.05) ; 5
FEHIH 3, 45 25 ¢H /N UL TC .\ TG \LDL-C % &4
I AL, HDL-C & #5335 Jh & (P<<0.05) . 45
W1,

*F1 HBANRMBMAEKFELEER (x+s,n=8)

413 TC/(mmollL) TG/(mmol/L) LDL-C/(mmolL) ~ HDL-C/(mmollL)

AR 535511 155031 2344055 51840388

fAlg §58+1.05° 6.22+1.84 416£090° 329+1.08

R 578099 336£0.71° 3141045 567£117

MNERIGHRE  650+179 204£051° 323+050° 6.68£0.96"

NERERES S3IELIS 1.59+031° 319£0.50° 8394105
a: HIER X M2 L, P<<0.05;b: SHEERIZ [ #, P<<0.05,

3.3 /NEEFEXT/NER M35 FINS .HOMA-IR ISI B9 2200
EJIEH T BR 2 LA, AR ZH /N BRI FINS 7K (IST
P 0 35 BN, HOMA-IR (8 35 T 55 (P<<0.05) 5 S A AL 4]
oA, — HOBUIRA /N BERRALG ) £ 2 /) BRUALTE FINS 7K
I/ INBE T 5 75 4 2H /N B IST ) 8 3 T h i, — FF RUDICZH A
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JINBE 55 3 4N BLUHOMA-IR #4 1 2 f4& A% (P<<0.05) o
ERRLF2,
*x2 HKHAMNRIMNE FINS.HOMA-IR ISI b (x + s,

n=8)
ik FINS/(mUIL) HOMA-IR 181(X10°%)
FHHBA 09443 5394180 8974261
fiA 1829£2.90° 265590 1.90+048"
T B241447 2091 £8.88° 2464092
NI R 250287 2974589 2074060
N A4 1944£1.73 15574539 3085114

a: 5 IEH T R g, P<<0.05;b: SR b, P<<0.05,

3.4 INEEREXS/INGR BTBE R 4B < 4B ARAY 20

T B AL/ N BRI /0N, B R 215 5 1F % R
ZH LA BRI /N U AR B R, HLB e 11, JEAFAE
i S BORNIAL TS ALT \AST /K -3 g 3 T = (P<
0.05) ; AU LR, 45 25 AU IR RV [n /)N, B 6
FHLT, HF IR o 48 550RT L35 ALT \AST /K-F-35 i
TR (P<0.05), Z5HRILK2 %3,

T E 36 R I < R4 5 T FFOBUIRAL 5 IV /N SREBRLAEG 5 ik
Y15V /NSRS A L
2 BENNFRETRESNILELEL

R3 HBEHENRITERE FFAEISENMFHF ALT AST 7K
Ty (x+s,n=8)

ik JFllE R &g iz ALT/(UL) AST/(UIL)

AR 112010 4361029 58.57+2301 88.67+28.66

Al 339£0.16° 6.59£0.46° 15483 £33.34¢ 1501343427

bl 2754029 5364043 845343613 88.12£32.6"

NERRAI A 261£030° 4624039 79.62%19.86° §3.05431.52°

R 2444032 474048 727942031 44412449
a: 5 IE 0 IRLL AL, P<0.053b: SHRIA AR, P<0.05,

3.5 INEEFEXT/INRATE A RIEFER RN

5 0E B 0 BR 2 A AR 4 /0N BT AN 45 A8 AN 52
# AN MIHER 2L IR S YR B, PR S5 H 2 45
SRR A, 45 25 AL/ BUF A L HES ) #a T 455, iR
J A D, Hod N BE R ) AN UL 2L 2 L
Jas i, S5 LA 3,

3.6 NEEREXH/NRATALABIEMER S RBXERQRIE
spEA!

SR H 6 B2 g B4 /N R 4H 40 SREBPL
FASN ACC1 M EIAY % FiH(P<0.05) ; SR
ZH HLE, 45 25 AL/ BRUFZH 20 SREBP T ( — FE XU B
&k ) .FASN,ACCI 4 [ iy 18 2 1 2 1 7 (P<<0.05) o
SE LU0 4 (BR T RS, 25 1 FL ok T i A o o — 4
Ty 7 B th b A s P BT 1) o
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3% e

B.BRIZH

AEFE X R
ISk IR IES i

C. HIXUIRZH

*

D./NEERRR ARG 77 20 E./NEEf e 77 2

3 BENRAARREFVNZNEHEHERE)

®4 BANRFEARATEHRREREXERRIELE

(x+s,n=8)
415 SREBP1/B-actin FASN-actin ACCl/B-actin
AR 0581031 047£0.14 0.60£0.10
i L14£0.15° 095+ 0.09° L0
A 086036 057£0.17° 059+0,05°
NERIER A 0731015 040£022° 041£0.10°
IR R 056025 050£0.20° 034£0.12
ar GIEHX AL HEL, P<0.055b: ST HLAE, P<0.05,

37 BEFALSEZERESKRIEER
371 BIESE Az R

() Z LG H s R PCAGE R BR, IF 1
BN, QCFE il % AL RIS R G AaE W HE; IE
OGS RRZ IR | /NEE R R S A A N R R A, HAl
[ A 73 g, R LA AP TE2E . PLS-DA SR I
7, IE 0T BRZH SR 2] BRI 2H 5 /N BE A v ) 4 2
() 53 25 BH 45 100 YR B0 A 56 7 A 245 SR PR TR0 A 1y
P AR, B B i T R g A o (BR T i,
ZICGE AT S vl A SO T e A i
Ji AR A B 2) o

(2) ¥ 2= S AR 10 07 10 5 2 58 « DAIE 6 % B4
SRR rp ARG AL AW 2 2584, Horp A 22 R i
B4 550 4~ (_EJH 2174 I 3334 ) s AR R 5 /)N B
el s 7 e L P AR AG H AR S 2 256 4, Hirh ik 25 B
A 495 4 (i 188 A4S LR I 307 4~ ) 5 LA VIP>1,
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