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Optimization of hepatic metabolic pathway computational model parameters based on multi-
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Abstract: Background As the central organ of metabolic regulation, the liver undergoes significant metabolic network
remodeling and functional disruption during disease states, yet the underlying mechanisms remain insufficiently elucidated. The
advancement of multi-omics data integration and computational modeling offers new research avenues and theoretical support for
precise reconstruction of metabolic networks and in-depth exploration of pathogenic mechanisms. Objective To construct a
computational model of liver metabolic pathways and optimize its parameters through multi-omics data integration, enabling
quantitative characterization of the transition from healthy to diseased states, thereby elucidating the remodeling mechanisms of liver
disease metabolic networks and identifying critical regulatory nodes and potential therapeutic targets. Methods A computational
model encompassing major pathways including glycolysis, TCA cycle, fatty acid metabolism, and amino acid metabolism was
established firstly; then transcriptomic, proteomic, and metabolomic data from healthy controls and patients with three types of liver
diseases were optimized; finally the model performance was evaluated through internal cross-validation and external validation with
an independent cohort, and key regulatory nodes was identified through parameter sensitivity analysis and metabolic control analysis.
Results The optimized model accurately predicted metabolic features of the three liver diseases, with correlation coefficients
between predicted and experimental metabolite concentrations exceeding 0.85. The study revealed common metabolic
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reprogramming features in liver diseases: shift from aerobic oxidation to glycolysis, from fatty acid oxidation to synthesis, and
amino acid metabolism disorders. Fifteen key regulatory nodes were identified, including three common nodes (hexokinase,
pyruvate dehydrogenase, fatty acid synthase) and twelve disease-specific nodes. A liver disease classification and staging algorithm
developed based on these findings achieved a classification accuracy of 92.5% in the external validation cohort, significantly
outperforming traditional methods (76.3%). Conclusion This study has achieved parameter optimization of a computational model
for liver metabolic pathways based on multi-omics data, quantitatively characterized metabolic features in healthy and disease states,
revealed mechanisms of metabolic network reconstruction, and identified key regulatory nodes, providing a computational
foundation for precision diagnosis and personalized treatment of liver diseases, while offering new insights for systems biology-
based drug development.

Keywords: computational physiology; liver metabolism; multi-omics data; systems biology; metabolic pathways; liver disease;
biomarkers
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Fig. 1 Computational model of hepatic metabolic pathways
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Tab.1 Basic information of the study subjects

e {a HE2H (n=60) NAFLD (n=60) ALD (n=60) VH (n=60) Fli* 4 P
/(Y x + 5) 45.7+12.3 49.2+11.5 51.3+10.8 47.5+13.1 2.399 0.078
PERICR /)11 32/28 37/23 44/16 35/25 5.499 0.062
BMI/(kg/m?,x + s) 22.442.1 27.9+3.5 24132 232428 40.944 <001
ALT/(U/L,x + s) 21.346.5 65.8+37.6 72.3+45.9 83.7+59.4 25292 <0.001
AST/(U/L,x + 5) 19.745.2 48.3+29.1 59.7+38.2 74.5+48.7 27.446  <0.01
JRLTZ/(umol/L,x + 5) 12.543.7 15.3+5.4 19.7+8.5 24.6+15.8 18.421 <0.001
HEEM/(g/L,x + 5) 42.8+3.2 38.9+4.3 36.5+5.2 35.7+6.1 26231  <0.01
PT/(s,x % s) 11.6£0.6 12.340.9 13.5+1.7 14.142.3 32920 <0.01
L YEALPES3(FO/F1/F2/F3/F4) 60/0/0/0/0 18/22/12/4/4 12/18/14/8/8 10/15/15/10/10 122424 <0.001

NAFLD : AEHFPER VI AT s ALD - PREHEIF s VH R ERPERT 8 s BMI BR800 ALT : V2R % 206 s AST : KA SRR 2N ; PT - B AL s I 1]
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Tab. 2 Differentially expressed key enzyme genes in major metabolic pathways (partial list)

NAFLD (95% CI)

ALD (95% CI)

VH (95% CI)
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w0 aayngﬂiﬁf: ;Aéﬂiiﬁﬁ
JOEL o A a5 HMGCR HMG-CoA if J5{
LR (;(;TTI ﬁjé‘:?

12.43 (1.95~3.02)
11.87 (1.48 ~2.36)
12.76 (2.21 ~ 3.45)
12,63 (2.10 ~3.29)
12.21(1.77~2.76)
12.35(1.88~2.94)
1 2.08 (1.66 ~2.60)
12.87 (2.30 ~ 3.59)
13.12 (2.50 ~ 3.90)
12.25(1.80 ~2.81)
11.65 (1.32 ~2.06)
11.87 (1.50 ~ 2.34)

11.78 (1.42 ~2.23)
11.52(1.21 ~1.91)
12.35(1.88 ~2.94)
1217 (1.74~2.71)
1 1.85(1.48 ~2.31)
12,78 (2.22 ~3.48)
12.42(1.94~3.03)
11.78 (1.42 ~2.23)
12.05 (1.64 ~2.56)
11.63 (1.30 ~ 2.04)
11.92 (1.54 ~2.40)
12,15 (1.72 ~ 2.69)

12,12 (1.68 ~2.67)
11.63 (1.29 ~2.06)
12.51(2.01 ~3.14)
11.93 (1.54 ~2.41)
1 1.62(1.30 ~2.03)
11.86 (1.49 ~2.33)
1 1.73 (1.38 ~2.16)
11.53(1.22~1.91)
11.68 (1.34 ~2.10)
11.47 (1.18 ~ 1.84)
12.21(1.77 ~2.76)
12.53 (2.02 ~3.16)
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Differential metabolites in major metabolic pathways (partial list)
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NAFLD (95% CI)
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12.21(1.89 ~2.58)
12.78 (2.38 ~3.25)
1 1.63(1.39~1.91)
1 1.58(1.35~1.85)
13.12 (2.66 ~ 3.66)
14.53(3.86~5.31)
12.65 (2.26 ~3.10)
11.75 (1.49 ~ 2.05)
11.63(1.39 ~1.91)
11.87(1.59~2.19)
12,12 (1.81 ~2.49)
13.43 (2.93 ~ 4.02)
11.32(1.13 ~ 1.54)
11.32(1.13 ~ 1.54)

11.83 (1.56 ~2.14)
12.43 (2.07 ~2.85)
1 1.82(1.55~2.13)
1 1.76 (1.50 ~ 2.06)
12.43 (2.07 ~2.85)
12.87 (2.45 ~ 3.36)
11.93 (1.64 ~2.26)
11.92 (1.64 ~2.25)
11.85(1.58~2.17)
12,12 (1.81 ~ 2.49)
12.43 (2.07 ~2.85)
11.72 (1.47 ~2.01)
13.76 (3.21 ~4.41)
11.48(1.26 ~ 1.73)

11.72 (1.47 ~2.01)
12.15(1.83 ~2.52)
1157 (1.34 ~ 1.84)
1 1.52(1.30~1.78)
11.87(1.59 ~2.19)
12.12 (1.81 ~2.49)
11.72 (1.47 ~2.01)
12.21(1.89 ~2.58)
12.07 (1.77 ~2.42)
11.82(1.55~2.13)
11.92 (1.64 ~2.25)
11.45 (1.24 ~1.70)
11.23 (1.05 ~ 1.44)
12.53 (2.16 ~2.96)

NAFLD : RS PG BT 5 ALD < RSV AFRG s VH IR EEMEIF R 5 ATP  BEBRBR Y s NADH : KRR BRI — A% 11 FRIE R AS s NAD™ : AR BE R AR 1gEng —
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Tab.4 Optimization results of key enzyme parameters in hepatic metabolic pathways (partial list)

NAFLD 25 EA551(95% CI)

ALD AL A5%0(95% € VHZARAL5E55(95% CI)

11.63 (1.44 ~ 1.85)
1 0.83 (0.74 ~ 0.94)
11.47(1.29 ~ 1.67)
11,18 (1.04 ~ 1.34)
12.03 (1.78 ~2.31)
10.45 (0.40 ~ 0.51)
10.58 (0.51 ~0.66)
1 0.35(0.31 ~ 0.40)
11.87 (1.64 ~2.13)
10.78 (0.69 ~ 0.88)
11.53(1.35~1.74)
11.83 (1.61 ~2.08)
1 0.47 (0.41 ~ 0.53)

11.87 (1.65~2.12)
10.79 (0.70 ~ 0.89)
11.58(1.39 ~ 1.79)
11.25(1.10 ~ 1.42)
12.18(1.92 ~2.48)
10.52 (0.46 ~ 0.59)
1 0.73 (0.64 ~ 0.83)
10.57 (0.50 ~ 0.65)
11.65(1.45 ~1.87)
1 0.85(0.75 ~ 0.96)
11.38(1.22~1.57)
12.05 (1.81~2.33)

ZH G240 fe LA
v CL G 189.3 12.15 (1.89 ~ 2.44)
K, CL B G 0.13 1 0.76 (0.68 ~ 0.86)
Vs WA AL B 87.2 11.75 (1.54 ~ 1.98)
K; IR R 0.65 11.32(1.16 ~ 1.50)
Vs VN R A 4327 1237 (2.08 ~2.70)
Vi RSN R R PR 35.8 1 0.38(0.33 ~0.43)
Vy P& i 1105 10.67 (0.59 ~ 0.76)
Vi WARHEERE CoA M AUE 28.6 1 0.42 (0.37 ~ 0.48)
Vi RITTR & 153 1273 (2.40 ~ 3.10)
K, N7 £ B it 0.023 10.62 (0.55 ~0.70)
vy HMG-CoA i J5i it 5.7 11.92(1.69 ~2.18)
Vs kAN 483 11.58(1.39 ~ 1.79)
vy TRERBAIR G i 1 327 1058 (0.51 ~0.66)

1 0.65(0.57 ~0.74)

NAFLD : AEEPENR AT s ALD - WERFVERFRT s VH G BE AT 2 5 Vet K IE ] SN 38 % (mmol/g/h) s K. oK EGH B (mM) 5 K. 0 £ (mM) . 22464
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Tab.5 Key regulatory nodes in different liver disease states
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