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Correlation Between Hyperlipidemia and the Concentration of Free Fatty Acids in Serum and the
Intervention Effect of Simvastatin
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ABSTRACT: OBJECTIVE To establish the present study of a quantitative analysis method to determine the concentration of
free fatty acids(FFAs) in serum by gas chromatography-mass spectrometry(GC-MS). To investigate the correlation between the
FFAs levels and hyperlipidemia in serum and the intervention effect of simvastatin. METHODS Derivatization was used to
obtain methyl product. High-fat diet was used to induce hyperlipidemia animal model. The positive group was treated with
simvastatin for four weeks. Meanwhile, the analysis method of serum FFAs was established by GC-MS to obtain the
concentration of FFAs. RESULTS The GC-MS method was successfully established and validated for measuring the
concentration of FFAs in serum. The results found that the nineteen FFAs were detected in serum of animals, such as caprylic
acid, tridecylic acid, linoleic acid, etc. Simvastatin had a significant improvement effect on fourteen serum FFAs.
CONCLUSION The content of FFAs in the serum is closely related to hyperlipidemia. Simvastatin can significantly
ameliorate the distribution condition serum FFAs, which can provide a scientific basis for the early detection and prognosis
evaluation of lipid metabolism-related diseases.
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TR IR 2540 AR AT T X I3 FFAs RIBCEAE ,
g B AR 5599 114 7 SAG D R0 5 DA 4 pE R
AR
1 MR5E%
1.1 AR

i . G3440B 7890BGC S AH 15N (£
Agilent), Bt G3903-63011 AYAS IR & B404
H:  DB-FastFAME(30 mx0.25 mm , 0.25 pum)
GC-MS VURAT R BT, Boas L Fdi B8 IR
(ED)(ZE[H Agilent); 30048884 fitit7{X (Ji 1 Tecan);
KDC-140HR 5 M8 7k B O ML(L B AER AR
AHRRAF]).
1.2 5

37 Fi g W5 R B S (fatty acid methyl ester,
FAMES) R £ X BE i (0 1 22 33 S 30 R 47 I 4 3 PR
o], S K62702005 FUAS : 25 mg; FE>99%);
LRI R H R X BR (AR, 26 B Nu-Chek-Prep,
Inc A, #5: U-54M-JY9-Y; &H>99%; Mk .
1 mL); HEE(ETED, LS. M158-4; Hikk: 4 L),
ECBE(RIEHRA S . 110-54-3; WM. 1 LyIET
F I Sigma-Aldrich 23 A ; Az Bk K (DU AU
2l A RTEAF], 415 200903902 LA . 500
mL). A e, #5 . 20180105; Fikk:
500 g). JoKBRRREA(Hral, k5. 20150212 #L
. 500 o)) T E A AR A AR i
2 (434l Ghemical Reagent /A 7 ; 1t'5: 2010715
FiA% . 500 mL),
1.3 ¥

SPF ZEEII/NR 18 KIS, AR (22+3.0)g],
SPF %% 3 JHIk 4 i 15 R[S, A5 & (90+5.0)g],
W A R Pl S T BR A R, SEER sh WA
FEYFAIIES . SCXK(%)2017-0013, A28 440
WY SR, H Rk EER R ABRA D),
SPF e Hpla bl L T RAAEYEARARAF, Lk
SR AE PR RTIE . SCXK(1L)2015-0003],

SIS EIRENL A N IE R A BRI | RN,
RN 6 K, &gl 5 H, g
ML AL T R RRHE 78 8% 1 # T L 10%
BB, 1%MA B 0.2%HmRE:), Hodh4h 24 fielAk
JT i A 2R T s IE R AL T A R R
BE, B SRR REK ., 4425 28d )5, 25 6 h,
JEREPESS 0.03 g kg G EL L2280 pRT , 478 R 35k Hi

-744 - Chin J Mod Appl Pharm, 2023 March, Vol.40 No.6

I, B BAEPEERI R E T, T 4 CH#E 30 min,
802xg B0 15 min /- LG, 80 CIRAF&H . =
FHT TR O & R SCHER[6], G SR EELE
606 IH 3 21 7] 22 A G i S IE AR )
1.4 ik

141 @5&M WaE: ARG 99.99%);
P : 1.0 mL-min™'; #EFECREE: 250 'C; 2
Foe 10 1; gERER: 2ul; BFTHE: BIGEE
50 C, 4+F 0.5 min, SRJ5 L) 30 C -min ! 3 LT
% 194 °C, 4EFF 3.5 min, fiJ5LL 5 Comin! [
B ETFE 240 C, %45 1 min,

1.4.2 s MS BISTHLE 70 eV B TIRIR
J¥ 230 'C; PUMATIRE 150 'C; MSD f&hmdkif e
250 C. WAIER 2.9 min; FMER N EHE T
HE AL EREES T,
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Jo/K NaxSOs KBR7K4r, H 0.5mL 5% HaSO4/
CH;OH, i€ 1 min, 70 ‘C/KEMIA 30 min; &
BUE e hiiF 2 FAMEs: il 1 mL 1EC ke, RE
30s, HCE 10 min, L FJZIECEAHZE 2 mL EP &
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(DHL 100 puL IECEZ T4 EP 457, 12 830xg
20 10 min J5, B 80 puL EHERHH .
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s (WAR) T Juldmie e TR 5. DAIEC ke
JyowE ) H & 100.0mgmL B, B ORE R
0.1 mg-mL™ TAEM#H
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. PA B0 R ] GraphPad Prism 7.00 7547 ¢ /546
PG MOCRECR A A FFAs it 5
S FE R AT R, il 3 SIMCA-P 14.1 #E4T35
2 SR

2.1 I AR B ER A AT 5 25 AR I

2.1.1 FRifEfhgk . R TR ORI FAMEs £k
# 65.00 pg-mL~', FLE K 2.00 pg-mL ' E&HR, 5
0.1 mg-mL ™ + Uk R B s TAEW R 1F C befi B, Tid
il e BE R 1,000, 500, 200, 100, 25, 10, 5, 2,
1, 0.5, 0.2, 0.1 ng-mL™" AYXJ IR SLA W (T Uk R
HERI LR B 10 pg-mL ™), (b AW B T A
WLE 1. A EPERIE R R YR, r (E
0.992 0~0.998 8, T A LA it T BRIGME LLY> 5,
SERE T BRI 0.50~5.00 ng-mL'; 46 H3 BRI FE
0.25~2.50 ng'mL™", W% 1.,

F1 HERtaYHmatiER

Tab. 1 Linearity information of target compound

W EWAE AR AL RAT I
ng'mL™!  (m/fz)

1 O »=363.55x-320.72 0.9987 5~1000 74

2 FR y=47831x-40.74  0.9987 0.5~500 74

3 %W y=467.28x+99.88  0.9955 1~1000 74

4 TR y=469.51x-193.62 0.9972 1~1000 74

5 T TkERR y=465.53x+267.88 0.9983 1~1000 74

6 +=kifk y=404.00x-61.94  0.9946 0.5~500 74

7 DU R y=150.28x-136.25 0.998 8 5~1000 55

8 T H ki y=362.54x-26.57 0.9948 0.5~500 74

9 FRIETR y=155.50x+359.64 0.9980 0.5~500 55

10 ki y=374.71x+149.26 0.9970 1~1000 74
11 Lk y=126.03x+174.03 0.9943 5~1000 55
12 F/\BRCHER y=133.37x-70.46  0.9947 2~1000 67
13 y-MEJFRAR y=125.79x+158.97 0.9955 1~1000 79
14 o-JFRRR y=164.53x+118.09 0.9965 2~1000 79
15 ki y=291.79x-171.85 0.9939 1~1000 74
16— HBsEme y=116.55x+272.85 0.9963 2~1000 55
17 ZHBIER 1=119.07x-56.23  0.9950 2~1000 67
18 = —hilk y=295.08x-377.92 0.9938 2~1000 74
19 “ =R y=151.91x-387.58 0.9960 5~1000 79
20 hi#TR y=141.09x-112.85 0.9952 2~1000 74
21 ZFRRIEER p=280.37x-194.89 0.9955 1~1000 79
22 T TERIEER y=112.35x-144.00 0.9969 2~1000 55

23 “FTRRTIER y=119.06x-209.15 0.9953 5~1000 67
24 Z =k
25 AKEERR
26 IR

y=273.40x+12.83 09957 2~1000 74
y=237.10x+192.30 0.9962 2~1000 74

y=123.31x+74.49 09920 1~1000 55

212 HW. HEFE®E  HWESE.: BUEE
KVAT 21 4y, #% “1.437 TR IF e, ARG,
S35 100 uL &L H R 3 ANEREERD 100, 25,

5ng-mL! X (BN 6 IR, KfTss
FIRER 343(100 pL IE e ), R — @i &0 T,
[ 1d IINAE o H RIS 5 - B BRER K P47 3
FEHR “1.4.37 WUR JrgiadE , B, 30 100 uL
f. e, 3 RN 100, 25, 5 ng-mL! IR
W (BDWRE 3 ER, MITE AR 3 7
(100 uL IECKERE), Fl—EIEAMFT, E2le
3d, BRVAT LR BRI A AR S (H2s d SsA
WA 9 HEWRIE T H Rl LA, S5RFEHIHH
. HIEKE 2 RSD<<14.82%(<15%), fF&H4:4)
FEABEARIE . S5 LR 2,

2 BfttemEas. B RKEX RERN H A 0=6).

B E(3d, n=9)f% EMmEw#ES

Tab. 2 Intra-day(n=6), inter-day(3 d, n=9) accuracy results

of high, medium, low concentration of the target compounds
%

PR (25 ng'mLY)  RHJE(100 ng-mL")

P A (5 ng-mL")

v E AR FH 242 2023 4F 3 55 40 555 6

T PR IR RS PRI F R F s
1 1.21 14.56 0.98 6.04 0.52 6.21
2 3.93 5.72 1.16 8.51 1.55 5.89
3 4.75 14.82 1.28 3.23 0.61 5.92
4 3.45 9.89 1.39 4.77 1.26 6.92
5 9.41 7.92 3.41 13.99 1.82 5.81
6 0.63 7.54 0.81 7.91 0.87 3.85
7 1.30 3.68 0.62 6.82 1.56 7.25
8 0.66 4.57 2.08 4.03 2.99 10.84
9 1.54 9.02 0.89 6.80 1.45 3.02

10 0.91 4.30 1.00 9.34 2.92 13.85

11 0.88 9.56 1.04 12.94 1.79 7.67

12 6.61 6.51 3.45 9.43 2.35 4.69

13 243 4.43 4.35 12.29 2.10 2.35

14 4.24 4.16 4.94 12.81 1.52 7.28

15 0.86 7.85 0.72 5.27 2.35 8.84

16 1.23 6.82 1.23 6.87 4.18 10.46

17 0.93 1.48 1.38 10.11 3.53 5.73

18 3.75 14.24 1.79 12.69 2.45 6.00

19 3.15 1.27 2.11 2.51 1.07 5.81

20 2.90 7.94 2.89 5.58 0.67 5.94

21 13.24 5.73 2.01 5.56 2.34 4.53

22 2.38 6.42 0.12 6.23 0.23 5.44

23 3.62 3.35 1.57 12.84 2.72 2.93

24 1.25 7.47 2.13 7.03 2.66 5.90

25 1.79 2.15 1.02 10.01 1.07 5.82

26 2.12 2.08 2.06 13.21 11.63 13.06
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1-CR; 2—FMR; 3-28TR; 4—t—kilR; S—1 Zhif; 6— T =hilR; 7-HIUmRIGTR; 8—T HbiR; 9-THMIAIR; 10— -EkifR; 11— LM
B 12— /\BR IR ; 13—y-WRRAR; 14—o-WRRIR; 15-—14elR; 16-—THRIGHR; 17- T IR, 18-+ —kiha; 19-— T8k —J&;
20-1IHT R ; 21-— BRI ; 22—+ TWRIGER; 23— —F TR IR 24— =hRlR; 25-AKMERR; 26— 1R IS-MAR.

Fig. 1 Sample, blank, target compounds’ the total ion flow profile of mass spectrometry in the standard(methyl-)

I-hexanoate; 2-octanoate; 3—decanoate; 4—undecanoate; S-laurate; 6-tridecanoate; 7-myristate; 8—pentadecanoate; 9—pentadecenoate;
10-heptadecanoate; 11-heptadecenoate; 12-linoleate; 13-r-linolenate; 14—a-linolenate; 15-arachidate; 16—eicosenoate; 17—eicosadienoate;
18—heneicosanoate; 19-homogamma linoleate; 20—behenate; 21-eicosapentaenoate; 22—erucate; 23—docosadienoate; 24—tricosanoate; 25-lignocerate;
26—nervoate; IS—internal standard.

2.1.3  EEENRCR BORA MIERES 21 0, 8 BRI 5%, Z5RERMEA HAMb AW Iook 2 .
“1.437 TR FEERE, fEEWE, I 205 JEFSON O ARSCR ST R R o TR
LT AR 3 AMREEED 100, 25, Sng-mLAXE R, A EMKIET A B &4 FAMEs, H/AE#
IR R (BN 6 U E IS, FEATZS I MISRER 3 AR M E 24y, 5 ilig i yHarS, Al
#3(100 pL 1ECBER ). AL RIeR Ty B0 HR B AL T 2 0D PR AR S 6 3 Sl
JIAE A1 28 (%) =[(PSCRFE S M B -8 (AR vk RECRZS FAE K B 28 R A Rk “1.4.37
FEVIMARE ] X 100%, Z59380 FAMEs B9 TR ikiefE, Hl4as (BB /KFER 6 £y, 100
W AR 3 RPIRIEARES IR TE 85.03%~  pL IECREER, IR, SRR, B IRR
115.18%, H RSD<5.57%(<15%), fraAEMMER  EAEM AR IE —fLry 2 KE 72 7 R
IR UEARIE . S5 3, CV=<13.56%(<15%), 27 A BHER /K 3L ot 457
2.1.4 FREAZON  SLER R, EAEWERES T, SRy Io I AU .

(dnsg s BRR)IEREIS , ekt 2 S ARIDR %S 2.6 FuEtE BURAIMLEE 12 fy, #% “1.4.37 T
BREAZAN . SEIZERITR, MmRERMZERNZSE FONERE, TR EWE, BRI, 6
WA, LGPk BN e R RIS 3 A 4 CUKFERI S 3 M EIR
20%; WAs T IUBIEIR R sk BN R IE RN (25 O 4 h JFHkRE, BRI T Bintbh G
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R3 EHNeMES. T RIRE R RE R A E
& R (n=6)

Tab. 3 Standard recovery rate results of high, medium, low
control samples of the target compounds(n=6) %

g MRWEG ng'mL!)  PUREEQS ng'mL) FUE(100 ng'mL)
EIJCE  RSD EE  RSD B RSD
110.84~114.53 1.22 103.37~107.91 1.64 85.92~113.46 10.47

Jo

104.27~114.90 2.57 110.48~115.10 1.24 97.03~114.74 6.11
101.80~113.32 2.06 103.34~114.67 3.40 98.11~113.94 522
102.91~109.95 2.25 106.51~113.60 2.39 90.21~115.18 8.62
86.97~101.12 0.56 98.64~114.11 1.72 90.07~114.64 5.73
86.26~101.13 236 104.41~113.15 2.26 99.55~113.21 4.05
91.11~109.10  0.24 90.07~112.17 1.09 90.89~114.10 3.44
91.64~106.89 0.06 92.50~110.68 0.33 93.88~111.75 1.19

O 0 9 N R W N =

93.12~115.03  0.27 87.42~110.20 1.40 93.71~107.14 2.25
10 89.99~111.51 0.04 94.88~110.19 0.14 86.60~104.64 0.57
11 85.18~110.96 0.05 85.86~111.23 0.28 100.73~113.00 0.49
12 90.49~110.91 0.00 90.57~112.41 0.32 88.65~105.15 0.77
13 105.62~114.70 0.03 88.08~110.84 0.32 88.42~112.65 0.77
14 86.38~106.84 0.02 86.18~108.79 0.15 86.75~109.89 0.58
15 86.72~113.31 0.08 87.09~107.12 0.29 95.54~104.04 0.42
16 86.89~102.07 0.02 85.57~111.25 0.15 102.08~112.41 0.19
17 91.01~111.29 0.02 94.96~106.69 0.09 89.34~113.66 0.40
18 91.78~113.78 0.33 90.81~106.69 1.06 98.87~113.13 2.53
19 86.96~106.83 0.14 85.04~103.38 0.58 95.38~110.82 1.49
20 85.33~113.94 0.05 86.82~109.74 0.18 99.93~112.33 0.35
21 85.58~95.86 0.11 97.41~111.04 0.60 94.12~104.87 1.52
22 85.03~106.82 0.03 86.19~110.60 0.19 97.17~112.57 0.40
23 86.03~114.60 1.05 99.69~103.17 0.42 89.35~113.65 5.57
24 93.10~107.43 0.35 95.51~112.05 1.57 86.56~111.73 5.21
25 85.36~105.00 0.29 86.59~103.96 1.13 96.40~102.59 0.96
26 85.42~108.89 0.25 91.94~107.60 0.66 90.60~102.84 1.58

YrRE e, LA RN, MIEAEEEES, o
W 4CHkE 25 CHKMT 0~4h, 45 RNEHE
RSD<13.87%(<15%), Jolt& X5, FHZ Tk
T HirMb A YRR

2.2 I FFAs & 5w lg I0LE i AH OGP

2.2.1 /PEUMTE T FFAs & 5 5 RS A ) 6 £

A S B8 0 BRI 3 P OE R 4 R IE [ BE (total
cholesterol, TC)%r & 4 (4.88+0.47)umol- L', FEHY
20 TC & 7(10.26+0.85)umol- L™, #5254 TC %
HoM(6.9120.58)umol- L5 4 B4 Ml B il 37 o 1E H 4
TC & 4(3.7320.62)umol- L™, #RIZH TC &N
(13.36:0.43)umol-L™", 242541 TC & 4(10.22+
0.74)umol- L™, iEBH 2014 5 55 s A IUAE 15 453 i 21y o
¥ FFAs it 0 2A, #ak s =ML
RS, UL MY T X S IR MLE 07 FFAS

v E AR FH 242 2023 4F 3 55 40 555 6

BAREER, RZWEEIER; 0% R S
FELT AR A, S IE % 4175 FFAs & i
JIg MAERS Y2 5y, SO 2 UG FLBR B 41 (a5 A
RO S, Hrp, (k&9 2, 3, 24, HIFRR.
ZEMR . 1 1- R M R 5 50 B ILRE ot 37 T [ e
A OC AR X , Rl i TLR4/NF-xB {55
I A0 IR L s Bk AR AR AL I 0 s 28R I
PRI 1 3 RN, WA I A G TR
16 32K (PPAR)-B 38 it g S04k, DA T ke 32 i L i1 st
WeRE s T 11-T PRI T R L B R
PR E R, BRIE, SFR . 28R . 11- TR
AR Ry N A S AHSC A AR ie i T o, 2 2
BURN A4 B FFAs & f p B & DL IRl 3,

S5IRRM, g N PR R .
LR . WAMBREE 19 > FFAs & B35k, H¥
Bt 7T X Horf i 14 4> FFAs BLAA B35 098 E 1 .
Horpr, IEF A SR, B 22 7% FFAs
164>, BT PRI RSN S i g e A R 2 2
AR, DLHHIZ 15 4> FFAs A AEE o 845 4% 2505
5 3 R T i A AR, T AR AN R I B AE 9 A
AR, FRALTT A2 SRR, BB
St FFAs B 1 =B A4 5 Ml MAE A R 2
BHACHA 13 4, K ERSHERTY o-3
KZAEFAENTRAMEEY) o- WKL . — T8k =M
MR . i T TR (EPA) [RI AR LA 1 72 P 3 — ik
i A(HMG-CoA )i J5ifi, ReRE iR fEEs . Hm—
BaZKF-, SRR B R AR, BRI fig 5 ARAbiT
KoM 1 FH 3 % 23 DT AR G 14

Zi bk, /NEImIE 26 4~ FFAs 1 73%I1)
G & w5 E IR IE S VIAHE, L1 = kiR
FETE 2 4] KR S5 SR I, T RES HAE T
FIEAE 5, 3z B B e i S 28000, 7E 2 IR ke
s, FeF R TUHC R EEESNA T
LElR . y- BRI . —THefRSF 10 4> FFAs, #ff—2
WESE FFAs N AR Ry A & B UAE )3T 7 A Pk
Yy, X E MR 936 7 R IR B iF o X
AR RARTE
2.2.2 4 iEHb LTS TP FFAs & B 5 5 IR MLE 19 5%
A IMiG FFAs &R LA 2B, 4% “2.2.17 Wi
O HIRAR ST . 4 i UMY FFAs 5 = g I
i 0L IE T A OGN, B R AT
FIE XTI [ it b o = R A T A R, S
HRRILZ AN A IR
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269 g =057 . A2y HaRIA 264 enr " =013 v AATHYU/BIRIA
254 feim r=0.01 o BRIz 259 eix . p=0.57 efEEIZH
24477870 e =071 ° IEHA/MBERIA 244 L7 =041 o IE A /BRI
234 e r=0.14 R r=0.36
247 =029 22 - o ——0.23
21 A, e =0.25 D e S— =033
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Fig. 2 Statistically significant difference changes of 26 FFAs in the two types of mice serum between the normal group, the

model group, and the administration group
A-mice; B—golden hamsters; r—the correlation coefficient in the content of each FFA and TC, the red was the higher than them. *meant P<0.05; "*meant
P<0.01; "*meant P<0.001; ***meant P<0.0001.
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Fig. 3 Heat map of 26 FFAs in the two types of mice serum

A-R: the content of FFAs in mice, A—F: normal group, G-L: model group, M—R: administration group. S—AG: the content of FFAs in golden hamsters,
S—W: normal group, X—AB: model group, AC-AG: administration group.
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