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Abstract: The intestinal propionic acid level in patients with methylmalonic acidemia (MMA) may affect the course of the
disease, but the current intervention strategy is still unclear. This study aimed to elucidate the differences in fecal propionic
acid levels and gut microbiota composition between patients with MMA and healthy people, as well as to identify dietary
factor combinations that effectively reduce propionic acid production through in vitro fecal fermentation model and MMA
rat model. This investigation provides a novel strategy for dietary management in patients with MMA. Gas
chromatography-mass spectrometry and metagenomic sequencing were employed to analyze propionic acid content, gut
microbiota structure, and species composition in the feces of 28 patients with MMA and 17 healthy people. Subsequently,
an in vitro fecal bacterial fermentation model was utilized to screen for optimal combinations among 12 dietary factors
capable of significantly reducing propionic acid levels. Finally, 5-day-old Wistar rats (segregated into male and female
subgroups) were selected to construct the MMA model and randomly divided into five groups: control group, model group,
galactooligosaccharide+arabinogalactan group (GOS+AG group), galactooligosaccharide+tremella polysaccharide group
(GOS+TPs group), and arabinogalactan+tremella polysaccharide group (AG+TPs group). Propionic acid content in rat feces
was measured and analyzed at three time points: Prior to intervention (14 days), mid-stage (21 days), and late stage (28
days). The results demonstrated significant differences in fecal propionic acid levels (P<0.001) and gut microbiota structure
(P=0.003) between patients with MMA and healthy people. Compared to the control group, higher abundances of Blautia
wexlerae, Bacteroides thetaiotaomicron, and Blautia producta in the MMA group may represent critical factors influencing
changes in intestinal propionic acid levels. After 24 hours of fermentation, screening identified that poria cocos
polysaccharides, fructooligosaccharides, galactooligosaccharides, arabinogalactan, and tremella polysaccharides
demonstrated significant efficacy in reducing propionic acid levels (P<0.05). Following the combination of the
aforementioned five polysaccharides and subsequent fermentation, three combinations with the most effective reduction
were identified: GOS+AG group, GOS+TPs group, AG+TPs group (P<0.001). Ultimately, animal experiments confirmed
that the combination of AG+TPs group yielded the best results (P<0.0001). In conclusion, differences in fecal propionic
acid levels between patients with MMA and healthy people may be associated with variations in gut microbiota
composition. The combination of AG+TPs group can effectively reduce propionic acid levels, offering a promising dietary

management strategy for patients with MMA.
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2FLHE . BRI ZLPE (S 90%)
Hl; RSN R R R 17 A % 35 5 (Gifu Anaerobic Me-
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Table 1 Information of the dietary factors
I3 AR T GBS il JEERET 2k
A K% 2K (PPS) EZi G LL A Pt 5 R (HLF ) BT
B RN (FOS) EZ i H HHFFET R (GSP) EZ0)
C fREEFLIE(GOS) EZ I HLH-ZH(TPs) EZ
D B2 R (AG) EZ i J HHZHH(FUC) EZ i
E =LMEH (NGT) =R EY K JFEAE T #E F B (KGM) EZ
F FEHES AR (AGS) =AY L HHBEER(GM) EZil

I AN S S ARAT BRAA R B 308 iR (4l
Sigma 2\ F; JC/K 2k . SHALER . TOKBRIREN . &

fi . IR . TR (Orbrat) 251k 2#i5m A BR2S w]
(Pl g ) s BEFHZMAE . —IRPETCTRE 24 FLAR A HAD
SCUGHEAS  FEImIE RS ASMA FR A E o

400TG JR&E T AE%S  9<[E Eletrotek 23 H]; SX-
500 HIREEKEFEMS  HAS SANYO A #H]; C-MAG
g S ey FEE IKA 2 El; PB3002-N 7 H,
TR, PE-20 ¥ pH 1 MERRh-FCRICES (i)
B BRAT]; 5804R Wi 25008l #2E Eppendorf
2N Fl; GCMS-QP2010 B PUZ AT AR (k- Jot i 1k FH
I HASEHEYA A]; SCIENTZ-48 =il i 2H 2 U2

TR Z AR YR RO A R A

1.2 EWHE
1.2.1 FE(E N AL ER SR4E 28 fy (4R #R 0.5~31
2, B/ r=14/14) MMA ABE(MMA 41 ) g fief 359
17 45 (AR 0.5~24 %, 5B /42=7/10) fd HE A\ Bt (%) B
21 ) SR, RIS B T 2 AR T80 °C 119
FAFT o AR AR 53 A e BRI N A2 43 A1 SR
GOF BN R . RIEE HERbR L EE: 23T
1z hiAE G T U s AR T2 ™, A
B SIHAIE AR | AR AL AR . WA
HEABT S T IO RARAE T, 22 5 DR 2H R A Qi
ZH5HT o
1.2.2 PNERRIIIRE
1.2.2.1 FESRALFE  FREX 50 mg ZE(EAEN, BT 2 mL
EP &, A 500 pL 1S ALENT R, & & 30 min,
£ 60 Hz 5544 N FHZH S e SUi e 30 s, BB 3~5
IR ERE IR O BHUR . A 20 puL 10% Hilig
WAk, PR35 30 s IRA], TR KW I 1 mL G
K ZEEZEBL, 7E 4 °C F L 12000 r/min A9 %% 38 B0
15 min, ¥ LIS 2R 0.25 g ToRGRFREN I ES
OB, R 15 min LAFESr LBR/K S FERIRESAT:
TR TESOARER, - IE WP AT B LA o A ik
J&, FeR BV SAR /N, T T IR S20ES T 5
REVRY N TR R P DR i, DU 2B Y8 500 pul
T EP & i iR ik S S S e,
1.2.2.2 (AiEsff ) Rix-Wax RIS 25
XIS [RIGEENB TR IEA T4 BRI 280 N, Tl
1 mL/min; $EFAARFRSN 1 pl., 530 EECh 101 1; ®I8EHE
#®A 100 °C, L1 7.5 °C/min FHEFERTHEZE 140 °C,
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BEFRIREE S 240 °C, FESIRE Sl 220 °C. RAHSMR
BRIVEN RS AR E LR, ARPE PR E T A5 b
R
1.2.3 ZEFEMAWMT 5455 ) QlAamp DNA
Stool Mini Kit $& B 57 G 2 B FFZE{H & DNA.
TR AR i S AR W R 2 B A BRA - &
AT o FEABLLR it R LS U 7 o sl £
FH Trimmomatic( R4S 0.39) Z= 5 JE 4G /7 reads 77
PP AR 278 . SR, B AR N
VEMAEHL, {6 BWARAS 0.7.17) . Samtools(AS
1.9)F11 BEDTools(iAs 2.30.0) 413385 53 b g
FoR A IL A KR . [ H MetaPhlAn(iRA 4.0.6)
1 HUMAnN3 (JRAS 3.8) 435X &ead iR EE v
A TR R RS, I AR A IE TR
K EEE B
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AT AEFE T RRECGRAERE S, KB pH7.2 (YBEIR
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LAy A N o2 i NG o M o 7 B (ol e A R A
(JN.N020241015W0121204[530]) . K B/ 3 T7T
A R SLEG By s BE R v, R B N 44 TR RE AR
20~26 °C, ¥ 35 H AE 40%~70%. O T8 58 & Ny
15~20 LX, 2K 12 h B SSERG R, PR A
iF 60 dB, A ZE802H 19 R BRI B ROk, K
FREENLS R 5 40, 21 HIRWisE R A% 5 H.
e AR P HEE S, BEMLSR 45 114 (Control
Z) | BRI (Model 4H) | AR ZUBEBI A2 2LEE
PHH (GOS+AG 4H) . IR F L HRH ZHH2H (GOS+
TPs 4 . FTHAFREFLER bR B2 E4H (AG+TPs 41),
HARH e eI . RS A gE A, HiArh
ZHFE IR LA Ty SEUEA Tl 0 FR D8 s T
AFER K, FH 6 mmol/L NaOH ¥ pH = 7.4, K
FRON AR TS5 5~28 d, FR NSt 2 ik (5] %
8 h) ALY VAW . REIESHAWGRIE 10 pl/g,
BT : BAERSE 5~12 d 45T 0.72 umol/g;
NS5 58 13~19 d 45T 0.89 pumol/g; H 2L 528 20~
28 d 45T 1.67 umol/g. =5 AL A5 R 457 s i AR 21
oK. LB R, 7E 14, 21, 28 d P73 (ER&E .
BRGS0 R LR 2 A 1.

BE 2R, |
ABE A [ Wi, %, HEEK
leeekJ J

H0d 4S5 d 4hi15d 221 d #Ei28 d
T \ J
U ) [

K1 Shsesir &

Fig.1 Design of animal experiments
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ASBFFE T NAESSAEREAS S50 K S B 5
L4 €1/ 3B /R R VAL X 7/ o LW =R 2 N Wa L o M 518
PR YT XS REA AT E , PR R i
4 DPATRER, tHEREE i 3 I PATREAS . %K
Y5534 1# FH GraphPad Prism version 8.4.3 #3847

el oy B, 5250 YR B DL O B (E b E 2
(Mean+SD) I~ . PILH A 22 R FHAETCXT ¢ K )7
BTG AT AN, Z BRI R R 2 T 2=
47 ¥ (one-way variance analysis, ANOVA); 24§ P<
0.05 B}, AR BHIRAFAE b 35 22 57, Forp 3RO P<0.05,
**F oK P<0.01, ***3E 78 P<0.001, ****3 ;R P<
0.0001 .
2 HBRE5SH
2.1 MMA ANES5@RAMEFETRBNSESHT
NIz 2 MMA ARl B a8 72 v 08 S st a4 4
BT, SRERFE MMA A BE S ARETE N IR A= i L 19
2555, B BRI PR AR ZSEAEAA T T PRI BR 75
HAMIRE . ZERanE 2 P, MMA ZH 38 P i T R
T I 3 TG B4 (P<0.001) o X — &5 LA,
MMA B3 AU B0 S s AR R 1 B R
LI RAR B PRS- T30 R 2 P DN I B AR
15, IS ] e A 18 TR HE A FI T BRI AR,

8_

R (umol/g)

XIEZ  MMAZ

K2 MMA 4150 AU P N & i
Fig.2 Fecal propionic acid contents in MMA group
and control group
T *FRR SR IREA 25, +++FIR P<0.001.
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AFAE 3525 5 (P<0.001) , [P IHCHEIN 195 2H AR 14 30
BRI BRES A S P LA PT REATAE 25 5%, s maf it
IR I A

AT ST SR 1 252 1 PRI £HL D0 5 A9 R 58 7 1 %o G 4L
NBERI N7 B R A ARG TR 9T . el MMA

*2 W AFRE

Table 2 Information of animal grouping

b T b EE
Control4f T AEFRELK, 7R 1T mL/100 gk KT
Model2H THEH ALK, A1 mL/100 gk A
GOS+AGH] T 5 #7800 mg/kg LR V- FURE+500 mg/kghi B 12 ZLEE VIR & 254 70, 7 1 mL/100 gk FUATE
GOS+TPs4l T H 7800 mg/kg R FLAE+300 mg/kgéﬂﬁgﬂéﬂﬁzﬁéﬁ < 5T, 491 mL/100 gk FUAH
AG+TPs# T 7500 mg/kgBT AT ZLE M +300 me/kg B H- 2R ITR A 2542 78, 7l H1 mL/100 gk RUARE
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Fig.3 Fecal metagenomic species composition in MMA population and normal population
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wexlerae ., Bacteroides thetaiotaomicron. Blautia producta. Faecalibacterium prausnitzii #1 Bifidobacterium bifidum WA FFE; * 3
IR HRAIAT 35 22 5%, * P<0.05, ** P<0.01.



%478 % sl

PINGESE | 45 F LTS QIR A T AR A AT S PR PR K P It B W - 403 -

Shannon F88UEA R B, (BG4 5. Kl 3¢
i Pielou FE% i AR (P<0.05), PhEHH SiathR AFEFH
LE, MMA R ) iz 18 30 0 A 1) 240 50 B il 35 AR
(P<0.05). %4 alpha ZFEMEFEEUY = FEFr ] 70,
MMA AHE I8 T IR S ARSI IR S T R A
— B . BEAh, SR AHEET Bray-Curtis #5259 34k
FR43Hr (principal coordinates analysis, PCoA ) X} 71
AR PIRE Y beta ZREPESEAT RIS HT . A&l 3d
JT73s, PIZH AR I TE G E R S5 R A A 3 2
(P=0.003), ] MMA ARERINIZIE A VIRESS A K
AR E AL

i 3e Frow, P R 9 AR XF S BE HE 24 A
20 HOPIAH Y A EE HE R U B P 25 Z (8] v = BE A A
5, SXTHEAMLIEL, MMA 4 &/ K& FEEN
Blautia wexlerae. Ruminococcus bromii A1 Rumino-
coccus gnavus, Wi Faecalibacterium prausnitzii F
Bifidobacterium breve #XT =+ AR . HLATHFFT B
7N, B. wexlerae W FE IR 40 6 WH Hop & 5 AR 7K
G TS PERE, REUS S 52 2 ok AL S AR
BeimR £ . FLIR AN 2 R EL Y. T R, bromii Al R.
gnavus 6K Ruminococcus J&, BA RIFMIRKICE
Wk BERE J112273), MMA 2H 1 i 38 B A P R 42 2
KA S R RS E, WTRES MMA ARHIK
AR RK IR E A DG, EAS R 2, R
gnavus J&=—FPRIISTEA PR R, AW R
BRI G PP B AR N IEEE 20, I HAENT
DI RERRARIRAS N B rl e AR R iy & BE AR
JHP, S BOR CFAE R A &R . R, MMA AR
INFIBRAR S8 ) & FIREMGEIRFTRES R gnavus
AEXS B AR EAH O

anEl 3f 5 3g s, sk 2RI S A sON B
(linear discriminant analysis effect size, LEfSe) 4317,
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Fig.4 Effect of single dietary factor on propionic acid
in fermentation supernatant

E:a. KBE 6 h;b. K% 12 h; c. K% 24 h; *Fn S5HRIE A T
I * P<0.05, ** P<0.01, *** P<0.001,
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Fig.5 Effect of single dietary factor on propionic acid
in fermentation supernatant
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Table 3 Propionic acid contents in fermentation supernatant
from dietary factor combinations

2151 PN (umol/L) 2151 PN (pumol/L)
e 4.483+0.156 A+B+C 1.878+0.129™
ERIZH 5.575+0.323 A+B+D 2.333+0.154™"

A 2.327+0.095™ A+B+I 2.084+0.054™
B 3.749+0.113™ A+C+D 1.741+0.036™
C 3.095+0.047" A+CHI 2.210£0.162™
D 2.647+0.048™" A+DH 2.081£0.0717
I 2.154+0.098™" B+C+D 1.701+0.062""

A+B 1.960+0.030"" B+C+I 1.825+0.080""

A+C 1.584+0.093™" B+D+I 1.713+0.131°
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C+ 1.556£0.104™" A+B+C+D+I 2.261+0.115™

D+l 1.463+0.0417"
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Fig.6  Effect of dietary factor combination on fecal propionic acid in rats
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