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The effects and mechanisms of trimethylamine-/V-oxide on insulin
sensitivity in insulin target cells
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Abstract: Gut microbial metabolite trimethylamine-N-oxide (TMAO) is associated with type 2 diabetes
(T2DM). Decreased insulin sensitivity is a significant etiological factor of T2DM. Adipocytes, myocytes, and
hepatocytes are the three major target cells for insulin. This study aims to investigate the effects and mechanisms of
TMAO on the insulin sensitivity of these target cells. Research results indicate that in different ages of db/db
diabetic mice, plasma TMAO levels were increased. TMAO significantly inhibits the insulin signaling pathways in
these three major insulin target cells, reduces glucose uptake in 3T3-L1 adipocytes and L6 myocytes and
downregulates genes related to gluconeogenesis in primary mouse hepatocytes. Furthermore, in mice with normal
insulin sensitivity, elevating plasma TMAO levels to those seen in db/db mice using a minipump results in
impaired glucose tolerance and hyperinsulinemia. All animal experiments were carried out with approval of the
Experimental Animal Welfare Ethics Committee of the Institute of Materia Medica (Chinese Academy of Medical
Sciences and Peking Union Medical College). Mechanistic studies suggest that TMAO exposure increases the
levels of endoplasmic reticulum stress-related proteins in these three major insulin target cells. In summary, TMAO

directly attenuates insulin sensitivity in insulin target cells, and its mechanism of action may involve enhancing
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endoplasmic reticulum stress.
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B8 /5 TMA # WS 3E NTEFR R &8, Jad [ ik da ik 2
U, 15 32 B9 3 3 5 hn 40 B8 3 (flavin-containing
monooxygenase 3, FMO3) #4 J P & 4k il = F Jiz V-
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1M e A 33k HE # ¢ Bl 7 O WE % 1 (forkhead box
transcription factor O1, FoxO1) & 4= i B2 tb fiis, 5
FUG R AT L FABACE T RE R pG 1 R AR ok
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R A R 8 2R AR AR AN S i, I T e R i B PR
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TE J5 B 3% HE i /s BRI S BE o B i R 2D
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(I H K215, K RS VLA A L6 (I M 22 RF K 2151
JE); TMAO (317594). it 4 L3 (Sigma 2 7]); DMEM
B 97 % XUHL . GlutaMAX (Gibeo 2 7]); Western & IP
41 f 4 f# W (Beyotime A 7, P0013); £ 1 BB B
(protein kinase B, Akt) L& (4691).p-Akt HL A (4060).
B A% 40 Mo B B S 46 Rl 7 200 (eukaryotic translation
initiation factor 2a, elF2a) P& (5324). p-elF2a it 14
(3398). By 2 0 X-F 45 & & 1 1 (spliced X-box binding
protein 1, Xbpls) #7i 1 (40435). 7 WLEZ B 1 (inositol-
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requiring enzyme 1, IRE1) $iL {4 (3294) (Cell Signaling
Technology A wl); & 4. 4% 5K K ¥ 6 (activating transcrip-
tion factor 6, ATF6) i /& (ab124945). p-IRE1 i £
(ab124945) (Abcam A &)); B-actin HTL 1K (Proteintech 22
], 66009-1-1g); *H-2-Jlit % -D-#i %] § (PerkinElmer 2
7, NET549); Trizol (Invitrogen 24 7, 15596026CN); S
# 37 & (Applied Biosystems 24 7], 362271); /)8 i
Ji 5 & ELISA 377 & (ALPCO /A 7], 80-INSMSU-E-10);
d,-TMAO (Cambridge Isotopes 2 7], DML-4779-1).
SCIGUEE R AL (Waters 24 )); 1k 2% R 6 %
X (GE 7 7, AI600); qPCR 1% (Applied Biosystems 7
], QuantStudio 3); ML (¥ KA F]); 2 Dhae bR
(Biotek /2 7], Synergy H1); 121 3% (Alzet A7),
MpELE S /D RIS AT 4E 40 B 3T3-L 1. K Rk
JULZH L L6 0 /) B J5 AT 448 i 350 FH 5 10% i 2= 1fi 375 A
GlutaMAX [f) DMEM 5 7% 5 15 7%, BT A 40 i i 7 = o
BN 1% WHt, BT 37 °C.5% CO, s =M h 1 % .
3T3-L1 43 Al 7 5 4 40 BRI 1 40 i, Lo FH 2 fh 35 7%
X AN ] e
RIS E K PE 50 mL Krebs-Ringer
% 1R & th 2% PP (Krebs-Ringer bicarbonate HEPES
buffer, KRG, NaCl 120 mmol-L", NaHCO, 20 mmol-L",
glucose 20 mmol-L', HEPES 5 mmol-L', KCI
4.8 mmol-L", MgSO, 7H,0 1.2 mmol-L', KH,PO,
1.2 mmol-L™") Fil#4 % 37 °C, fif A&, — & A 100 uL
50 mmol-L" EGTA, % —# A 100 pL 1 mol-L" CaCl,
A1 mL 25 mg-mL" R JERFIV. /N BRUPREE 5 18 R vE 5
SR CBE BRI, FT T 1 e R B A L T KA T
Jiik; e K B B N TTER K, AT R, B S Y
N E K, 5 RS EGTA B9 KRG 22 1 00 v T o
RF ML P 4% 5, A8 & A B 5§ A CaCl, 1) KRG
SR Ak SR HEVE AT A AR AR AR R AA B, B R R
BT 10 om 4 Mg 35 77 ML A, 0 N FE 4R 29 20 mL
KRG 2 M - iR I WCHT I 2H 2340 400 i 7 2 B
FH 70 pm 20 i 975 it 98 25 50 mL B0 R, 0 4 °C T
A () DMEM 85323, 4 °C.50 xg B0 5 min, 7 L3, #
2 ERB I3k, 1 H & 10% FBS ] DMEM £ 57 3t &
VAL, DA I 5 R P B 40 B s R A
SCIGTNH  HEVE db/db /N, T BT R 2 FE
B2~ &), ¥ Al E 9% 5 A SCXK (J3) 2023-0009; 7 1
C57BL/6J /IR, ) E 3k 5t 4 18 R 42 52 56 s W R A R
N, VFATIE SR 5 4 SCXK (57) 2021-0006, ¥4 17 7% T
o [ 2 AR B 25 V0B S BT SPE /B 15 - BN Skie
BAESAG h E R R B A S iR s g S
SR AIE B2 T S ik dE (HEHES 00005082) .

TMAOME  Frif th 2k 37 TMAO PAZE i /K%
filt, HRE R R 4 0.2.0.5.1.5.10.20-50.100 pmol-L"
TAEW, AR E TMAO TAEWR 10 pL i AN & N 5
(d,-TMAO, 50 ng'mL") Z, I 40 pL, & J5 B 35
3 L AT VR AR 3% - Bf BE T (liquid chromatography-
tandem mass spectrometry, LC/MS/MS) 4> #7 . Ifll 3% ££
fh Ak HE ISR RE §h 10 uL N & N FR (d,-TMAO,
50 ng'mL") 2. i§ 40 pL, 7B §E€ J5 25 0> (14 000 r-min™'x
5 min) F R, BU_EJE WS uL 3547 LC/MS/MS 4347, # b
ZRF RS 100 £ J5 #EAT M€ . LC/MS/MS 2% A1 (5 3%
F:: Zorbax C18 (100 mmx2.1 mm, 3.5 um); #:i7: 37 °C,
WBANAH: CREIK (7 0.1% F Q) B 5L ; itik: 0.2 mL'min™;
% [ S A (multiple reaction monitoring, MRM) 1E &
T 77 A m/z 76—58 (TMAO), m/z 85—85 (N Hr d,-
TMAO).

Western blot % 41 g 22 F T 24 FL#R 7, 3T3-L1
RE Ji7 40 2 Le L P 4n A R /s BRBR AR 41 A 3
DMEM/0.25% fatty acid free BSA 5 77 3L L %, [
I} 25 F A [A] ¢ E TMAO A0 22 18 h, fin A i & 2% 1 %
30 min. WA M, 2%, 41T SDS-PAGE #E i HLiK -
B B E QBB S PVDF I L, R )5 K LR 5%
Jii R Wk 1) TBS-T HF =& £ P 1 he BEJE I — P,
4°CHFE IR, — P E EdiTRA.

SCATEE S ZE 2 PCR (quantitative real-time PCR,
qPCR) /Iy BB AR BF 40 i 8 Fp T 6 LA B,
DMEM/0.25% fatty acid free BSA $% 77 3 11k %2, A
i) 25 T AN A 96 B TMAO AL B2 18 h, It i & 2 ) 34
30 min. YCAEZH M, F Trizol $2 HU 40 g 5 RNA, S i 5%
% cDNA J&, % ] SYBR Green ¥ i3 47 S2 5 22 6 € &
PCR, 21 4: 95 °CHHAZ % 5 min; 95 °C 15's, 60 °C 30 s,
72°C 30 s, FL40MEIR . SIMBHINE 1.

Table 1 The primer sequences for quantitative real-time PCR.

Pepck: Phosphoenolpyruvate carboxykinase; Go6pase: Glucose 6-

phosphatase
Gene Primer
Pepck F (5'-3") CTGCATAACGGTCTGGACTTC
R (5'-3") CAGCAACTGCCCGTACTCC
Go6pase F (5'-3") CGACTCGCTATCTCCAAGTGA
R (5-3) GTTGAACCAGTCTCCGACCA

BEVERE K gu R T 24 fLARk, 3T3-L1 JiF
i 48 AT L6 AL PA 41 B FHT DMEM/0.25% fatty acid free
BSA ¥ 7R YL B, [N 45 T A R FE TMAO Ak 3
18 h, M 100 nmol-L™" i &5 25 #8120 min, 28 J5 I A
H-2- i 48 -D- 7 % B T 37 °CHE & 10 min. ¥4 PBS 3%
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ffe 44 PR, 0 7 4 B P CH SO PR, R IR
HHTRZIE .

O BR %1 % #% @t = (oral glucose tolerance test,
OGTT) /MR ZEr 6 h, IR % % B 7 & 4 2 gkg!
M E, 45 % HE 0.15.30.60.90- 120 min 2 2 B I ]
1A

MEFEBREME DEEEE 6, RBIIIIL, 4 °C.
4000 xg &0 10 min, _FiF R 13, ELISA 77 &
ST R B =K

Gt F B CRHIE + bR DR (mean + SEM)
For, KA 856 AT B E MR %, i H GraphPad
Prism 8.0.2 B AT H s G ik it 5. P < 0.05 N2
FEAG S RER L

&R
1 db/dbHERRTR/NR M3 TMAO KA S

db/db /)N B2 H T8 26 A2 A R B 5 RS 1D 5 R PR A
JHETRY 2 OB PRI Y, RO IS AR 5 N8 2 BUBE PR
AR, PR E R e B AR 1 2 R PRI B ) B A
2o SR /NR AL, 729011 AW dbldb B R
I /N BRI H TMAO ZKF B B F i, 14 J8 R s &2
Fhita$h o S [ JE i 0 %o R ZE /DN BRI 2 R TMAO 7K
MR E, Z97E 2 umol-L" 245, 1M 7 JA W 1) db/db /)N B
I3 1 TMAO 7K °F Al 3% £ 13.5 pmol- L™, Eb X} HE 41 /)N
RIGIN T 4765 (B 1). X—45 58K, TMAO 7] RE7E
2 BUWE R R RO i FE R A AR A .
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Figure 1 Trimethylamine-N-oxide (TMAO) was elevated in 7, 9,
11, 14-week-old diabetic mice. n = 3, mean + SEM. "P < 0.05,
“P<0.01

2 TMAO #7E MR R MR #, P4 3T3-L1 A5 B 4 A A

ik I 2R HE AT R e B 2R UBME T B, 2 2 BUBE IR
) — A F BRI IR K o 45T 2 BURE R /N B I 3%
TMAO KT, 4 TMAO £ 75 B T B &
A2 NIk, ARSCHESE T TMAO fE 3T3-L1 i i 4i

L6 WL AR AN JEAR AT 4 B AfE R . MRS R
g R RZEREE G, (59 & &A% 5 2] Akt, M 2
W w2 . HASER E TMAO (0.01.0.1.1.10
1100 nmol-L™") &b ¥ 3T3-L1 JIg 7 40 1, 45 3 % 3,
TMAO (100 nmol-L™") & 3% B AR T ik & H ¥ T 1
p-Akt & /K (B 2A), B TMAO #1#1 3T3-L1 i i
RN RS =S Sl I BOE . SI—%, TMAO (10
F1 100 nmol-L™") i 3T3-L1 Jig il 40 i ik & 2% 5 T I
A PR BB RO D (23%~26%, B 2B). H T
TMAO 55 P J5it % 23802 TIAH 9%, T P J5T Do 7 50 figk 5
FAHCHUAN 2 YR R s 1 E L AL 2 — 1, B ok AR
W FCVEAT 7 TMAO X N 5 X S 38 52 Wi . TMAO
Ab B 25 BN 3T3-L1 AR U 40 A P9 5 9 3R % B
[ p-elF2a/elF2a. ATF6. Xbpls. p-IRE1/IRE1 ] 7K “F
(E2C). LA ESERIRIR, TMAO I I 18 55 Py Jo7 j 1 98 L
T B A B % 25 40 4 M 3T3-L1 IR s 40 B 1) i 1 5 i
B
3 TMAO HEM B R #, &K L6 AL I 4R B iR 55
R

L6 L4t A rh, Jik B 22 90 (1) p-Akt & H 7K P
Kig B, 54K i TMAO 4147 L, 10 #1100 nmol-L™
TMAO 4[] p-Akt £ [ & Z 98 /> (E13A). 100 nmol L™
TMAO B i [ A L6 WL PRI 41 A Ji% 5% 2% 01 5 10 6] 260 B 15
B (E13B). TMAO &b 22 52 25 14 Ji11 Lo JUL A 41 A P J5i )
N A 9% & [ p-elF2a/elF2a+ ATF6. Xbpls. p-IRE1/
IRE1 fI7KF (F3C). PL B SRELR, TMAO i@ i 1 5
P J5 IR S 38D 7 2 I i B 2R 4 i Lo JUL PR 48
i P J B 2 SRR
4 TMAO HUER BRI, FEIEENKFHEBERRS
e

TE 3 B /0N BRUE AR R4 i Hh, i 0 3200380 p-Akt
E A KF ETF, TMAO (10 #1100 nmol-L™") 4 ¥ 18 h
Jo, T8 By F B p-Akt B KT BRI (1 4A). B4
FRW, TMAO T80 T JEAR T 41 a1 Ji 5 R 15 5
P, T EUR R R BUBPE R . A R T A R
A OC B I AR, ik TR O I =TT I R 2 AL B (phospho-
enolpyruvate carboxykinase, Pepck) Al %ij %] ¥ -6- fifk ik
fi§ (glucose 6-phosphatase, G6pase) +& ¥ 77 2F i F& ) H
ZLffF, TMAO (100 nmol-L™") &b 18 h )&, ik & 22 ) 3
%14 R, Pepck F1 G6épase [f) mRNA /K ¥ # 1 (K
4B), 1X K B TMAO {2 1 J5 Q- 48 B (1) B S5 A= ik 2
TMAO #b 3 B S5 38 im0 B AR 48 e 5 P9 Joi I 2
UM 2% 85 A p-elF2a/elF2a ATF6.p-IRE1/IREL f] /K *F
(F4C). DL g5 B4R, TMAO i i 38 55 p Jo7 /9 B 35
(1) 75 3K B2 B AR /N BT 200 L 11 g 5 3 Ak 1k
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Figure 2 TMAO reduced insulin sensitivity and increased ER stress in 3T3-L1 adipocytes. A, B: p-Akt protein levels (A) and glucose

uptake (B) in 3T3-L1 adipocytes treated with or without TMAO (18 h) under basal or insulin conditions; C: ER stress related protein levels
in 3T3-L1 adipocytes treated with or without TMAO (100 nmol-L™, 10 days). n = 3—-4, mean = SEM. P < 0.05, “P < 0.01, ""P < 0.001. ER:

Endoplasmic reticulum; Akt: Protein kinase B; elF2a: Eukaryotic translation initiation factor 2a; Xbpls: Spliced X-box binding protein 1;
IREL1: Inositol-requiring enzyme 1; ATF6: Activating transcription factor 6

A W Vehicle B mm Vehicle
i mm TMAO (10 nmol-L*") == TMAO (10 nmol-L")
TMAO / nmol-L’ - 10 100 - 10 100 == TMAO (100 nmol-L") == TMAO (100 nmol-L-' )
Insulin (50 nmol'L") - - - + + + kD 575 * 6.0
1
Z 15 g%
b [P
Z 1.0 2 Bo
n % g =
Akt g = g
05 S 5 40
prhctin E s 09 & i
Basal Insulin Basal Insulin
(@ ‘Vehicle TMAO
1.5+ - dokk
4 - * T W Vehicle
elF20 | w— -------I— 75, = TMAO
L
72 = 10+
<]
o [ - =
2 054
p-IREI |—-———-—--—'-"-&“-’ |—13o £
5}
=4

wo [0 om o o SRR

1 \a2y
v—a\?"“’Je Pxeé‘ﬁ“"“‘ B”“ e

p-Actin

Figure 3 TMAO reduced insulin sensitivity and increased ER stress in L6 myocytes. A, B: p-Akt protein levels (A) and glucose uptake (B)
in L6 myocytes treated with or without TMAO (18 h) under basal or insulin conditions; C: ER stress related protein levels in L6 myocytes

sk

treated with or without TMAO (100 nmol-L", 10 days). n = 3—4, mean + SEM. "P < 0.05, "P < 0.01, ""P < 0.001

5 TMAOS|&/NREHERSE RIS /N SR /KT (2910 pmol L7, B 5A). 514 5h R

NT R TMAO TESI IR N HIME T, ABF R B MESRI s R — 30, Fr8iE 5 TMAO 15 K5, /N RpE
AT FREANIBE T KRR TMAO A RS, W& E 5% (KISB), 22 6 h 1MLk R 2= /KF 3 &
BB IE R N R . B TMAO VE 8 71 & Th (B15C). PLEgEREH, TMAO 75 & /) B3R %) H
(100 mg-kg") LK+ TMAO KV T+ BRI T dbldb - ANTi 52 F0 g Ji & 2% IML0E
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Figure 4 TMAO reduced insulin sensitivity and increased ER stress in mouse primary hepatocytes. A, B: p-Akt protein levels (A) and

gluconeogenesis genes mRNA levels (B) in mouse primary hepatocytes treated with or without TMAO (18 h) under basal or insulin

conditions; C: ER stress related protein levels in mouse primary hepatocytes treated with or without TMAO (100 nmol-L", 2 days). n = 3-4,

mean + SEM. "P<0.05, "P<0.01, ""P < 0.001
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Figure 5 TMAO promoted glucose intolerance. A: TMAO concentration after TMAO minipump treatment; B: Oral glucose tolerance test
(OGTT) of vehicle and TMAO-treated mice; C: Fasting plasma insulin levels of vehicle and TMAO-treated mice. n = 6—8, mean = SEM.
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