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SIRT1 rs10823108 and FOXO1 
rs17446614 responsible for 
genetic susceptibility to diabetic 
nephropathy
Yanyan Zhao1, Junfang Wei1, Xuefeng Hou2, Huimiao Liu3, Feng Guo1, Yingni Zhou1, 
Yuanyuan Zhang1, Yunhui Qu4, Junfei Gu2, Yuanli Zhou2, Xiaobin Jia2, Guijun Qin1 & Liang 
Feng2

SIRT1 and FOXO1 play an important role in the pathogenesis of diabetic nephropathy (DN). However, 
the association between genetic polymorphisms and susceptibility to type 2 DN (T2DN) has not been 
explored. In this study, a total of 1066 patients with type 2 diabetes mellitus (T2DM) (413 without and 
653 with DN) were enrolled. The genotypes of three htSNPs (rs3818292, rs4746720, rs10823108) within 
SIRT1 and two htSNPs (rs2721068, rs17446614) in FOXO1 were determined by PCR-RFLP. HbA1C, LDL, 
HDL, TC, and TG levels were also examined. SIRT1 rs10823108 AA genotype was significantly associated 
with a decreased risk of DN (OR = 0.60, 95%CI: 0.38–0.97), while GA genotype (OR = 1.77, 95%CI: 
1.33–2.35) and AA genotype (OR = 2.32, 95%CI: 1.25–4.34) of FOXO1 rs17446614 was associated with 
an increased T2DN risk. The interactions among rs1744 6614, BMI and duration of diabetes (OR: 2.63, 
95%CI: 1.23–4.31) were also observed. Subsequent haplotype analysis revealed that two haplotype 
defined by AC (OR: 1.50, 95%CI: 1.15–1.94) and AT (OR: 1.79, 95%CI: 1.06–2.80) within FOXO1 
gene may increase the risk of T2DN. In conclusion, genetic variant rs10823108 in SIRT1 and variant 
rs17446614 in FoxO1 may contribute to the risk of DN in T2DM patients.

Diabetic nephropathy (DN) is one of the late complication of diabetes that affects approximately 40% of all 
patients with diabetes, irrespective of glycemic control1, 2 and remains the leading cause of end-stage renal disease 
(ESRD) in the United States3, and in China4. Mounting evidence has showed that the pathogenesis of DN was 
associated partially with a prolonged duration or inadequate metabolic and/or blood pressure control in some 
cases. However, a clinically significant phenomenon can be observed that even diabetic individuals with excel-
lent blood glucose control may still develop renal complications. The vast majority of the variability in incident 
nephropathy remains unaccounted for by conventional risk factors. Whereas, investigations on the familial clus-
tering of DN in T2DM and the heritability of DN and its related traits provide compelling evidence that genetic 
factors contribute to its susceptibility5–7.

The role of Forkhead box O1 (FOXO1), caused more attention in DN, due to its important role in oxidative 
stress resistance8, 9. It has been suggested that FOXO1 is closely related to the pathogenesis of DN10. There is 
emerging evidence that suggests repressing FoxO1 contribute to adipogenesis in porcine pre-adipocyte11. It is 
also interesting that SIRT1 regulates adipocyte differentiation through FoxO1 acetylation/deacetylation, although 
the mechanism is not understood12. Silent mating type information regulation 2 homolog 1 (SIRT1), an NAD+ 
dependent deacetylase, may regulate multiple cellular functions, including apoptosis, mitochondrial biogenesis, 
inflammation, glucose/lipid metabolism, autophagy, blood pressure and sodium balance, through the deacetyl-
ation of target proteins13, 14. The activation of SIRT1 in the kidney may be a new therapeutic target to increase 
resistance to many causal factors in the development of renal diseases, including DN15. Our previous study 
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suggested that the FoxO1 activity was significantly reduced and with a concomitant decrease in the expression of 
FoxO1 target gene, catalase in diabetic kidney16. The FoxO1 downregulation correlated with an increase in the 
generation of malondialdehyde (MDA), a decrease in the activity of SOD and an increase in the expression of 
collagen IV and fibronectin proteins in renal cortex10. These results indicate that SIRT1/FOXO1 axis-mediated 
signaling pathway may be considered as a potential therapeutic target for DN. Therefore, SIRT1/FOXO1 are a 
very plausible candidate gene potentially contributing to the genetic polymorphism of DN. The limited finding 
identified 4 SNPs and haplotype consisting of the 11 SNPs within SIRT1 locus were nominally or significantly 
associated with DN17. Meanwhile,FOXO1 gene has been found to be involved in the susceptibility to type 2 dia-
betes in German18. However, it has not been reported that whether SIRT1 or FOXO1 genetic polymorphism was 
associated with DN in Chinese population.

In order to explore the genetic role of SIRT1 and FOXO1, and environmental interactions in diabetic nephrop-
athy susceptibility in Chinese Han subjects with T2DN, we investigated the association between single nucleotide 
polymorphisms (SNPs) within the SIRT1 and FOXO1 gene and DN in Chinese Han subjects.

Results
Demographic and clinical characteristics of study samples. Baseline characteristics (including 
sociodemographic factors, diabetes related variables, lifestyle behaviors, biochemical variables, and history of 
diseases) of study subjects (653 T2DN cases and 413 T2DM without DN controls) were illustrated in Table 1. The 
mean age among cases (62.46 ± 11.04) was significantly older than that of controls (58.35 ± 12.07). The mean 
durations of diabetes were significantly different between cases (11.54 ± 7.47) and controls (14.29 ± 4.95). T2DN 
cases had significant higher BMI, HbA1C, total cholesterol level, and lower HDL-C level than controls. In addi-
tion, increased risks of T2DN were associated with smoking (OR = 1.40, 95% CI:1.04, 1.88) and hypertension 
(OR = 1.95, 95% CI:1.51, 2.50).

Effects of htSNPs in SIRT1, FOXO1 and T2DN risk. No significant deviations from Hardy-Weinberg 
equilibrium for the five polymorphisms was found among the 413 controls (P > 0.05). The results of single locus 
analysis revealed that AA genotype carriers of SIRT1 gene locus rs10823108 had decreased risk of suffering from 
DN (OR = 0.60, 95%CI: 0.38–0.97) than GG genotype carriers. And the decreased risk were still significant in 
the recessive genetic model (OR = 0.58, 95%CI: 0.37–0.91). GA genotype (OR = 1.77, 95%CI: 1.33–2.35) and AA 
genotype (OR = 2.32, 95%CI: 1.25–4.34) of FOXO1 gene locusrs17446614 had increased risk of suffering from 
T2DN than GG genotype carriers. The significant association between T2DN risk and rs17446614 were signif-
icant in both dominant genetic model (OR = 1.86, 95%CI: 1.42–2.43) and recessive genetic model (OR = 1.96, 
95%CI: 1.06–3.63). After being adjusted for age, gender, duration of diabetes, BMI, HbA1C, total cholesterol, 
triglycerides, HDL-C, LDL-C, hypertension, DM family history, smoking and drinking status, all the associations 
above were still significant. However, no significant difference was observed in the frequency distribution of 
rs4746720, rs3818292 and rs2721068 polymorphisms between T2DN patients and controls (Table 2).

Characteristics Case (n = 653) Control (n = 413) P OR

Sociodemographic Factors

Gender
male 413(63.25%) 255(61.74%) 1

female 240(36.75%) 158(38.26%) 0.62 0.94(0.73, 1.21)

Age (years) 62.46 ± 11.04 58.35 ± 12.07  < 0.01

Diabetes-related Variables

Duration of diabetes (years) 11.54 ± 7.47 14.29 ± 4.95  < 0.01

BMI (kg/m2) 26.19 ± 2.55 25.25 ± 2.74  < 0.01

HbA1C (%) 8.88 ± 2.23 8.54 ± 1.74  < 0.01

Lifestyle behaviors

Smoking
no 483(73.97%) 330(79.90%) 1

yes 170(26.03%) 83(20.10%) 0.03 1.40(1.04, 1.88)

Drinking no 553(84.69%) 361(87.41%)

yes 100(15.31%) 52(12.59%) 0.22 1.26(0.88, 1.80)

Biochemical variables

Total cholesterol (mmol/L) 4.40 ± 1.39 4.23 ± 1.09 0.03

Triglycerides (mmol/L) 1.87 ± 1.40 1.80 ± 1.80 0.47

HDL-C (mmol/L) 1.06 ± 0.33 1.13 ± 0.35  < 0.01

LDL-C (mmol/L) 2.65 ± 1.00 2.55 ± 0.87 0.11

History of diseases

Hypertension
no 231(35.38%) 213(51.57%) 1

yes 422(64.62%) 200(48.43%)  < 0.01 1.95(1.51, 2.50)

DM Family history
no 414(63.40%) 259(62.71%) 1

yes 239(36.60%) 154(37.29%) 0.82 0.97(0.75, 1.25)

Table 1. Demographic and clinical characteristics of study samples.
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Stratified analysis of SNP genotypes and T2DN risk. We further evaluated effects of the five htSNPs 
stratified by age, gender, duration of diabetes, BMI, HbA1C, total cholesterol, triglycerides, HDL-C, LDL-C, 
history of hypertension, DM family history, smoking and drinking status. As indicated in Table 3, a significant 
increased risk of T2DN was observed in subjects with TC level > 5 (OR: 2.11; 95%CI: 1.06–4.21) and carried 
variant genotypes of rs3818292. TC + CC genotypes of rs2721068 had a significantly decreased risk of T2DN 
among male subjects (OR: 0.47; 95%CI: 0.25–0.87), younger subjects (OR: 0.35; 95%CI: 0.17–0.71), subjects 
with BMI ≥ 24(OR: 0.46; 95%CI: 0.26–0.79), LDL-C ≤ 3.5(OR: 0.61; 95%CI: 0.38–0.98) and smoking (OR: 0.14; 
95%CI: 0.03–0.64). The increased T2DN risk of rs17446614 GA + AA genotype was still significant in gender, age, 

SNP Case(%) Control(%) Pa OR(95%CI)b Pb OR(95%CI)c Pc

rs3818292

AA 360(55.13) 226(54.72) 1 1

AG 242(37.06) 146(35.35) 1.04(0.80, 1.36) 0.770 1.01(0.76, 1.35) 0.940

GG 51(7.81) 41(9.93) 0.26 0.78(0.50, 1.22) 0.270 0.69(0.43, 1.11) 0.120

AG + GG 293(44.87) 187(45.28) 0.98(0.77, 1.26) 0.900 0.94(0.72, 1.23) 0.650

AA + AG 602(92.29) 372(90.07) 1 1

GG 51(7.81) 41(9.93) 0.77(0.50, 1.18) 0.70(0.44, 1.11) 0.120

A 962(73.66) 598(72.40) 1

G 344(26.34) 228(27.60) 0.94(0.77, 1.14) 0.520

rs4746720

TT 191(29.25) 121(29.30) 1 1

CT 331(50.69) 210(50.85) 0.99(0.75, 1.33) 0.990 0.90(0.66, 1.23) 0.500

CC 131(20.06) 82(19.85) 0.60 1.01(0.71, 1.45) 0.950 1.01(0.69, 1.46) 0.990

CT + CC 462(70.75) 292(70.70) 0.98(0.77, 1.26) 0.910 0.92(0.69, 1.23) 0.990

TT + CT 522(79.94) 331(80.15) 1 1

CC 131(20.06) 82(19.85) 1.01(0.75, 1.38) 0.940 1.01(0.72, 1.40) 0.970

T 713(54.59) 452(54.72) 1

C 593(45.41) 374(45.28) 1.00(0.84, 1.20) 0.950

rs10823108

GG 353(54.06) 224(54.23) 1 1

GA 261(39.97) 148(35.84) 1.12(0.86, 1.45) 0.400 1.07(0.81, 1.43) 0.620

AA 39(5.97) 41(9.93) 0.36 0.60(0.38, 0.97) 0.040 0.57(0.34, 0.94) 0.030

GA + AA 300(45.94) 189(45.77) 1.01(0.79, 1.29) 0.950 0.97(0.74, 1.27) 0.820

GG + AG 614(94.03) 372(90.07) 1 1

AA 39(5.97) 41(9.93) 0.58(0.37, 0.91) 0.020 0.56(0.34, 0.92) 0.020

G 967(74.04) 596(72.15) 1

A 339(25.96) 230(27.85) 0.91(0.75, 1.11) 0.340

rs17446614

GG 392(60.03) 304(73.61) 1 1

GA 219(33.54) 95(23.00) 1.77(1.33, 2.35)  < 0.001 1.54(1.14, 2.13)  < 0.001

AA 42(6.43) 14(3.39) 0.07 2.32(1.25, 4.34) 0.02 2.34(1.77, 4.13)  < 0.001

GA + AA 261(39.97) 109(26.39) 1.86(1.42, 2.43)  < 0.001 1.65(1.19, 2.26)  < 0.001

GG + AG 611(93.57) 399(96.61) 1 1

AA 42(6.43) 14(3.39) 1.96(1.06, 3.63) 0.03 2.07(1.38, 4.14)  < 0.001

G 1003(76.80) 703(85.11) 1

A 303(23.20) 123(14.89) 1.73(1.37, 2.18)  < 0.001

rs2721068

TT 77(11.79) 40(9.68) 1 1

CT 296(45.33) 192(46.49) 0.80(0.53, 1.22) 0.300 0.64(0.40, 1.02) 0.060

CC 280(42.88) 181(43.83) 0.29 0.81(0.53, 1.23) 0.310 0.73(0.46, 1.15) 0.180

CT + CC 576(88.21) 373(90.32) 0.80(0.54, 1.20) 0.280 0.68(0.44, 1.05) 0.080

TT + CT 373(57.12) 232(56.17) 1 1

TT 77(11.79) 40(9.68) 0.97(0.75, 1.23) 0.760 0.95(0.73, 1.24) 0.690

T 450(34.46) 272(32.93) 1

C 856(65.54) 554(67.07) 0.93(0.78, 1.12) 0.470

Table 2. Genotype among cases and controls and their association withT2DN risk. aP value of Hardy–Weinberg 
equilibrium in Controls. bChi square test for genotype distributions between cases and controls. cData were 
calculated by logistic regression analysis with adjusted for age, gender,duration of diabetes, BMI, HbA1C, total 
cholesterol, triglycerides, HDL-C, LDL-C,history of Hypertension, DM family history, smoking and drinking.
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BMI, TC, hypertension, DM family history and smoking subgroups. And GA + AA genotypes of rs17446614 had 
a significantly increased risk of T2DN among subjects with HbA1C > 8 (OR: 1.48; 95%CI: 0.99–2.23), subjects 
with LDL-C ≤ 3.5 (OR: 2.21; 95%CI: 1.60–3.06).

Analysis of haplotype. The combined effects of the five polymorphisms on the risk of BC were evaluated 
by Haplotype analysis (Table 4). Ars3818292Crs4746720Grs10823108 of SIRT1 and Grs17446614Crs2721068 of FOXO1were the 
most common haplotype in cases and controls. Haplotype analysis show that two haplotypes Grs17446614Crs2721068 
(OR:0.78, 95%CI: 0.65–0.93) and Grs17446614Trs2721068 (OR:0.77,95%CI: 0.63–0.93) within FOXO1 may reduce 
the risk of T2DN. And Carrier of Ars17446614Crs2721068 (OR: 1.50,95%CI: 1.15–1.94) and Ars17446614Trs2721068  
(OR: 1.79,95%CI: 1.06–2.80) may increase the risk of T2DN. However, no association was observed for other 
haplotypes in SIRT1.

The joint effect and potential locus-locus interaction T2DN risk were calculated by categorizing the SNPs 
(rs3818292, rs4746720, rs10823108, rs2721068, and rs17446614) into the number of combined variant alleles 
(Table 5). No statistical increased or decreased risk for T2DN in each subgroup was observed when compared 

Variables

rs3818292 AG + GG /AA rs4746720 TC + CC /TT rs10823108 GA + AA/GG rs17446614 GA + AA/GG rs2721068 TC + CC /TT

OR (95%CI)a Pb OR (95%CI)a Pb OR (95%CI)a Pb OR (95%CI)a Pb OR (95%CI)a Pb

Gender

male 0.76(0.54, 1.06) 0.11 1.07(0.73, 1.55) 0.73 0.88(0.62, 1.21) 0.44 2.32(1.58, 3.41)  < 0.0001 0.47(0.25, 0.87) 0.02

female 1.32(0.84, 2.08) 0.23 0.77(0.47, 1.25) 0.29 1.06(0.67, 1.68) 0.79 2.67(1.62, 4.40)  < 0.0001 0.96(0.51, 1.82) 0.90

Age

≤60 0.79(0.53, 1.16) 0.23 1.06(0.69, 1.64) 0.78 0.91(0.62, 1.34) 0.63 2.65(1.68, 4.18)  < 0.0001 0.35(0.17, 0.71) 0.00

>60 1.09(0.75, 1.57) 0.66 0.86(0.58, 1.30) 0.48 1.03(0.71, 1.49) 0.89 2.02(1.34, 3.02) 0.0007 1.03(0.57, 1.86) 0.92

Duration of diabetes

≤10 1.01(0.61, 1.68) 0.97 0.95(0.57, 1.59) 0.85 1.00(0.67, 1.57) 0.99 1.03(0.63, 1.67) 0.53 0.63(0.29, 1.37) 0.25

>10 0.89(0.64, 1.26) 0.52 0.95(0.66, 1.37) 0.79 0.94(0.67, 1.32) 0.73 1.27(0.55, 2.32) 0.49 0.72(0.42, 1.24) 0.23

BMI

<24 1.23(0.67, 2.28) 0.50 0.79(0.43, 1.43) 0.43 0.66(0.37, 1.16) 0.15 4.60(2.44, 8.66) <0.0001 1.93(0.78, 4.78) 0.15

 ≥ 24 0.95(0.70, 1.29) 0.75 0.97(0.70, 1.36) 0.89 1.06(0.78, 1.44) 0.70 1.89(1.35, 2.65) 0.0002 0.46(0.26, 0.79) 0.01

HbA1C

≤8 1.21(0.83, 1.76) 0.33 0.93(0.62, 1.41) 0.73 1.13(0.78, 1.65) 0.52 1.06(0.58, 1.39) 0.68 0.62(0.34, 1.15) 0.13

>8 0.75(0.51, 1.10) 0.14 0.88(0.58, 1.33) 0.54 0.87(0.60, 1.27) 0.47 1.48(0.99, 2.23) 0.0600 0.77(0, 42, 1.41) 0.40

HDL-C

≤1 1.17(0.78, 1.74) 0.44 0.66(0.41, 1.05) 0.08 1.13(0.76, 1.68) 0.55 1.07(0.34, 1.78) 0.53 0.51(0.25, 1.05) 0.07

>1 0.83(0.57, 1.20) 0.31 1.21(0.82, 1.79) 0.36 0.88(0.61, 1.27) 0.48 1.09(0.41, 2.11) 0.78 0.81(0.46, 1.46) 0.49

LDL-C

≤3.5 0.93(0.69, 1.25) 0.62 0.93(0.67, 1.28) 0.64 0.95(0.71, 1.27) 0.71 2.21(1.60, 3.06) <0.0001 0.61(0.38, 0.98) 0.04

>3.5 0.93(0.40, 2.17) 0.86 0.87(0.35, 2.13) 0.75 0.68(0.29, 1.59) 0.38 1.45(0.96, 2.21) 0.12 1.80(0.54, 6.01) 0.34

TC

≤5 0.84(0.62, 1.15) 0.28 1.03(0.72, 1.45) 0.88 0.81(0.60, 1.11) 0.20 2.29(1.62, 3.22) <0.0001 0.70(0.41, 1.17) 0.17

>5 2.11(1.06, 4.21) 0.03 0.78(0.38, 1.60) 0.49 1.92(0.98, 3.79) 0.06 2.57(1.16, 5.70) 0.0200 0.65(0.25, 1.78) 0.40

TG

≤1.65 0.99(0.69, 1.41) 0.94 1.00(0.68, 1.48) 0.98 0.94(0.66, 1.35) 0.75 1.09(0.39, 2.13) 0.76 0.67(0.38, 1.18) 0.17

>1.65 1.00(0.65, 1.54) 0.99 0.76(0.47, 1.22) 0.25 1.02(0.67, 1.57) 0.93 1.18(0.73, 2.55) 0.89 0.82(0.39, 1.69) 0.59

Hypertension

No 0.94(0.63, 1.41) 0.76 0.97(0.63, 1.51) 0.90 1.01(0.67, 1.52) 0.95 2.68(1.74, 4.14) <0.0001 0.89(0.49, 1.63) 0.71

Yes 1.00(0.70, 1.42) 0.98 0.88(0.60, 1.31) 0.53 0.95(0.67, 1.35) 0.78 2.03(1.35, 3.05) 0.0007 0.53(0.28, 1.02) 0.06

DM Family history

No 0.97(0.69, 1.36) 0.86 0.93(0.64, 1.35) 0.69 1.10(0.78, 1.55) 0.58 2.27(1.55, 3.34) <0.0001 0.50(0.28, 0.91) 0.02

Yes 0.91(0.60, 1.40) 0.68 0.92(0.57, 1.47) 0.72 0.83(0.54, 1.27) 0.38 2.33(1.45, 3.76) 0.0005 1.12(0.59, 2.14) 0.74

Drinking

No 0.92(0.69, 1.23) 0.58 0.85(0.63, 1.18) 0.35 0.96(0.72, 1.28) 0.76 1.52(0.82, 2.49) 0.56 0.85(0.58, 1.33) 0.47

Yes 1.08(0.54, 2.17) 0.82 2.02(0.87, 4.67) 0.10 1.12(0.56, 2.25) 0.75 1.14(0.54, 2.40) 0.7300 0.75(0.85, 3.59) 0.13

Smoking

No 0.96(0.70, 1.31) 0.79 0.84(0.60, 1.17) 0.30 0.95(0.70, 1.30) 0.74 2.35(1.66, 3.31) <0.0001 0.88(0.55, 1.43) 0.61

Yes 0.93(0.63, 1.61) 0.79 1.12(0.61, 2.06) 0.71 1.05(0.60, 1.83) 0.87 2.06(1.10, 3.85) 0.0200 0.14(0.03, 0.64) 0.01

Table 3. Stratification analysis of the five SNPs polymorphisms and DN susceptibility. aAdjusted for age, 
gender,duration of diabetes, BMI, HbA1C, total cholesterol, triglycerides, HDL-C, LDL-C,history of 
Hypertension, DM family history, smoking and drinking (the stratified factor in each stratum excluded). bP 
value for heterogeneity test.
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to individuals with 0–2 mutation allele. And there was no increased dose-dependent manner on the combined 
effect of the five htSNPs.

The interaction of SIRT1 and FOXO1 gene on the pathogenesis of T2DN. Multifactor 
Dimensionality Reduction (MDR) analysis was performed to analyze the gene-environment factors interaction 
with SNPs of SIRT1 and FOXO1(rs3818292, rs4746720, rs10823108, rs2721068, and rs17446614), age, gender, 
duration of diabetes, BMI, HbA1C, total cholesterol, triglycerides, HDL-C, LDL-C, Hypertension, DM family his-
tory, smoking and drinking status (Table 6). All demographic and clinical factors were initially dichotomized. The 
results of gene-environment interaction analysis presented a best model including of three factors (rs1746614, 
BMI, Duration of diabetes), which could increase 2.63 -fold in the T2DN risk in the ‘high risk group’ compared 
with the ‘low risk group’ (OR: 2.63, 95%CI: 1.23–4.31). Logistic regression analysis was used to verify the best 
MDR interaction model, and the results are consistent with that of MDR.

Discussion
It has been reported that genetic predisposition is one of the main risk factors for the development of DN19. 
Evidence of familial aggregation of diabetic nephropathy in T2DM and the heritability confirm that genetic fac-
tors play a significant role in the development of DN20, 21. There is now an increasing body of data to suggest that 
genetic factors may contribute to the initiation and development of diabetic nephropathy. Nevertheless, there 
were only a very limited number of studies that have characterized SIRT1 genes for DN in Japanese Caucasians, 
while no study focused on the association between FOXO1 gene and diabetic nephropathy.

In the present study, we investigated the role of SIRT1 and FOXO1 variants and their haplotypes in T2DN 
among unrelated Chines Caucasians. Our results suggested that rs10823108 AA genotype within SIRT1 has sig-
nificant associations with about a 0.60-fold decreased risk of DN (OR = 0.60,95%CI:0.38–0.97) than GG genotype 

Gene Haplotype Cases (%) Controls (%) χ2 P OR (95%CI)

SIRT1a

A C A 11.89(9.0) 10.70(1.3) 0.72 0.40 0.70(0.31, 1.61)

A C G 562.12(43.0) 343.59(41.6) 0.43 0.51 1.06(0.89, 1.27)

A T A 29.55(2.3) 26.76(3.2) 1.88 0.17 0.69(0.41, 1.18)

A T G 358.44(27.4) 216.95(26.3) 0.36 0.55 1.06(0.87, 1.29)

G C A 4.44(0.3) 5.31(0.6) 1.02 0.31 0.53(0.15, 1.87)

G C G 14.55(1.1) 14.41(1.7) 1.50 0.22 0.64(0.31, 1.32)

G T A 293.12(22.4) 187.23(22.7) 0.01 0.90 0.99(0.80, 1.22)

G T G 31.89(2.4) 21.05(2.5) 0.02 0.88 0.96(0.55, 1.67)

FOXO1b

A C 209.39(16.0) 93.44(11.3) 9.25 0.00 1.50(1.15, 1.94)

A T 108.61(8.3) 11.56(1.4) 45.52 0.00 1.79(1.06, 2.80)

G C 646.61(49.5) 460.56(55.8) 7.91 0.00 0.78(0.65,0.93)

G T 341.39 (26.1) 260.44(31.5) 7.26 0.01 0.77(0.63,0.93)

Table 4. Haplotype Analysis of five Polymorphism Sites. aSNPs sequence: rs3818292,rs4746720 and 
rs10823108. bSNPs sequence: rs17446614 and rs2721068.

Combined SNPs Cases (%) Controls (%) χ2 P OR (95%CI)

0–2 123(18.84) 76(18.41) 1

3–4 340(50.07) 232(56.17) 0.35 0.56 0.91(0.65, 1.26)

5–6 170(26.03) 96(23.24) 0.22 0.64 1.09(0.75, 1.60)

≥7 20(3.06) 9(2.18) 0.55 0.46 1.37(0.60, 3.17)

0.81a 0.37a

Total 653 413

Table 5. Combined Effect of the five SNPs on DN. aTrend Chi-square and P values.

Model
Testing 
balacc

CV 
consistency χ2 OR(95%CI) P

Duration of 
diabetes 0.6057 10/10 4.66 1.94(1.09, 3.13) 0.03

BMI, Duration 
of diabetes 0.5591 5/10 6.74 2.24 (1.56, 3.63) 0.01

rs1746614, 
BMI, Duration 
of diabetes

0.6091 6/10 5.01 2.63(1.23, 4.31) 0.02

Table 6. Interaction results between the five SNPs and risk factors by MDR.
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carriers, even after adjustments for age, gender, duration of diabetes, BMI, HbA1C,total cholesterol, triglycer-
ides, HDL-C, LDL-C, history of Hypertension, DM family history, smoking and drinking status (OR = 0.57, 
95%CI: 0.34–0.94), which is similar with the result in Japanese population17. We can’t see any significant differ-
ence between rs4746720 and rs3818292 SNPs and diabetic nephropathy in univariate analysis and multivariate 
analysis, which is different with the results in Japanese, which may be due to ethnic differences and genetic back-
grounds. In the next stratified analysis, rs3818292 AG + GG genotypes had a significant increased risk of T2DN 
in subjects with TC level > 5 (OR: 2.11; 95%CI: 1.06–4.21).

A previous study has shown that rs17446614 and rs2721068 displayed significant associations with 
impaired glucose tolerance and beta-cell dysfunction22. In our study, we investigated the role of FOXO1 vari-
ants (rs17446614 and rs2721068) in T2DN for the first time. It is clear that FOXO1 rs17446614 GA genotype 
(OR = 1.77, 95%CI: 1.33–2.35) and AA genotype (OR = 2.32, 95%CI: 1.25–4.34) could increase the risk of suf-
fering from T2DN when compared to GG genotype carriers. No significant association was found for rs2721068 
in both univariate analysis and multivariate analysis. However, in the stratified analysis, TC + CC genotypes of 
rs2721068 had a significantly decreased risk of T2DN among male subjects (OR: 0.47, 95%CI: 0.25–0.87), younger 
subjects (OR: 0.35; 95%CI: 0.17–0.71), subjects with BMI ≥ 24 (OR: 0.46; 95%CI: 0.26–0.79), LDL-C ≤ 3.5 (OR: 
0.61; 95%CI: 0.38–0.98) and smoking (OR: 0.14; 95%CI: 0.03–0.64). In order to find more credible evidence on 
the association between FOXO1polymorphisms and T2DN risk, further functional studies on different popula-
tions are required.

Haplotype was accepted as a group of correlated SNPs that are located in the same homologous chromosome, 
and passed on to descendants together as a whole23. Haplotype contained multiple SNPs information, and the 
statistical power of haplotype analysis was stronger than analysis of single SNP24. Furthermore, we detected that 
Grs17446614Trs2721068 (OR:0.77, 95%CI:0.63–0.93) and Grs17446614Crs2721068 (OR:0.78, 95%CI:0.65–0.93) within FOXO1 
could reduce the risk of DN in T2DM patients. Therefore, our results suggest that the SNPs within SIRT1 and 
FOXO1 might be involved in the process of diabetic nephropathy in Henan Han Chinese population. In this 
study, the gene–reproductive factors interaction on T2DN susceptibility was examined by using a MDR method. 
Anemically significant interaction was found for rs1746614, BMI and duration of diabetes (OR:4.01, 95%CI:3.02–
5.31). To our knowledge, this is the first study to examine the effect of FOXO1 polymorphisms on T2DN risk with 
an emphasis on the gene-environment factors interaction.

Although, the mechanism by which the SIRT1 polymorphism contributes to conferring susceptibility to dia-
betic nephropathy remains to be elucidated, combining the present finding with a previous report, SIRT1 and 
FOXO1 may be considered a good new candidate gene for diabetic nephropathy. The effects of SIRT1 poly-
morphisms on susceptibility to DN might be mediated by differences in the metabolic state among individuals, 
including glycemic control, obesity, blood pressure, respectively25–27. The evidence in Wild-type (C57BL/6 J) and 
SIRT1 transgenic mice (C57BL/6-Actbtm3.1(Sirt1)Npa/J) showed SIRT1 mediated protection against renal and retinal 
injury in DN28. FOXO1, as an important target for insulin and growth factor signaling, has been reported to play 
key roles in regulating metabolism, cell proliferation, cell cycle, apoptosis and oxidative stress response by regu-
lating the expression of functionally important target genes29, 30. It is shown that GWAS in Pima Indians identified 
variation within FOXO1A that modestly associated with early-onset T2DN. Common variation in FOXO1A may 
modestly affect risk for T2D and obesity in American Indians31. Interestingly, our previous studies have con-
firmed that the transcriptional activity of FOXO1 was decreased in both renal cortex of DN rats and MCs cultured 
under high-glucose (HG) conditions, which indicated that FOXO1 may be considered a good new candidate gene 
for diabetic nephropathy14, 15.

Our study has several notable strengths. First, although the role of SIRT1 and FOXO1 in multiple diseases 
has been reported, this is the first study investigating genetic variation of FOXO1 and SIRT1 in relation to T2DN 
susceptibility. Second, in order to draw a convincing conclusion, only patients who had suffered T2DM for more 
than 8 years and no diabetic retinopathy were eligible to participate in the control group, because the duration of 
DM plays a very important role in the development of DN, and diabetic retinopathy has a complicated relation-
ship with DN32. To increase comparability between DN cases and controls, the DN cases and the controls were 
much more homogeneous in terms of gender, age, and durations of diabetes, and family history, after excluding 
subjects with extreme characteristics. Third, our genotyping results were accurate and reliable, since more than 
30% of the samples were genotyped in duplicate. 10% of the samples were randomly selected from both cases and 
controls to confirm the genotyping results, and the result of confirmation were found to be 100% concordant.

Some limitations of this study should also be noted. One limitation was the limited size sample in this study, 
which might be the reason why we didn’t see any statistical significance in gene-gene interaction analysis. 
Secondly, although we identified two novel SNPs that are susceptibility variants of DN in a Han Chinese popula-
tion in Henan, screening more loci within SIRT1 gene and FOXO1 gene to further clarify the association between 
them and DN is clearly warranted. In order to validate our findings, further research needs to be conducted, 
including further functional evaluation with other ethnic populations and animal experiments.

BMI might be a factor in affecting SIRT-1 activation and reversing epigenetic metabolic imprinting or silenc-
ing. In the recent report, the clinical evidence also support the relationship of BMI (Epicardial fat thickness) and 
circulating SIRT133. In our study, the data of BMI was 26.19 ± 2.55 kg/m2 in case group while 25.25 ± 2.74 kg/m2  
in control group. Interestingly, their findings are consistent with our results. Of couse, more evidence will be 
confrimed in animal experiments. Additionally, the activation of SIRT1 might be associated with Zinc levels. In 
the study of Sheline C.T., he/she found that SIRT1-mediated NAD+ loss in Zn2+, STZ, or cytokine toxicities of 
MIN6, and in NOD or DM animal models34. These findings indicated that β-cell Zn2+ levels play a regulator in 
DM and its vascular complications, including DN. The interesting evidence need to be provided in our following 
experiments.
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Despite the several limitations mentioned above, to the best of our knowledge, our data first investigated the 
association between SIRT1 and FOXO1 gene and T2DN in Chinese Han population. This study has made a val-
uable contribution to draw a plausible link between SIRT1 and FOXO1 gene polymorphisms and DN. However, 
replication in additional DM patient cohorts, case control studies, and further functional work to dissect out the 
role of SIRT1 and FOXO1 polymorphisms in vitro conditions, are clearly needed. Furthermore, on the basis of the 
current genotyping and clinical staging, prospective studies in the disease outcome in different stages, especially 
in patients with early diabetic nephropathy group, further verify the role of each gene locus in diabetic nephrop-
athy, which will be more interesting and meaningful.

We identified two novel SNPs (rs10823108 in SIRT1, rs17446614 in FOXO1) and two haplotypes within 
FOXO1 gene (defined by GT and GC), that are susceptibility variants of DN in a Han Chinese population in 
Henan. The findings reveal that SIRT1/FOXO1 may involve in the initiation and development of DN in Han 
Chinese patients with type 2 diabetes. Our results can provide new insights into the etiology of DN.

Materials and Methods
Study subjects. A case-control study was performed in Han Chinese population located in Henan prov-
ince. Individuals with type 2 diabetes and aged over 20 years were recruited from June 2012 to Sep 2013 using 
the American Diabetes Association (ICD-9-CM, Diagnosis code 250) criteria for diagnosis of type 2 diabetes. A 
total of 1066 type 2 diabetes subjects, recruited from the first affiliated hospital of Zhengzhou University, located 
in the middle part of China, were involved in this study. All patients with type 2 diabetes were of Han Chinese 
origin. Subjects who tested positive for anti-glutamic acid decarboxylase (GAD) antibodies and those diagnosed 
with mitochondrial disease (mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes 
[MELAS]) or maturity-onset diabetes of the young (MODY), gestational diabetes and secondary diabetes were 
not included.

Diabetic nephropathy was determined by estimated 24 h albumin excretion rates (AERs) or urinary 
albumin-to-creatinine ratios (ACR)35, 36. AERs or ACR were measured twice, and the mean value was 
recorded for each patient. Patients having microalbuminuria, indicated 30 mg/24 h ≤ AERs < 300 mg/24 h 
or 30 mg/g ≤ ACR < 300 mg/g, and with background or greater diabetic retinopathy, or proteinuria indicated 
AERs ≥ 300 mg/24 h or ACR ≥ 300 mg/g, or ESRD diagnosed at least 5 years before initiating renal replacement 
therapy, were diagnosed with diabetic nephropathy (n = 653). Patients with no diabetic retinopathy, and nor-
mal albuminuria, indicated AERs < 30 mg/24 h or ACR < 30 mg/g, and a long T2DM duration over 8 years were 
selected as a control group (n = 413). All the patients participating in this study provided written informed con-
sent, and the study protocol was approved by the ethics committees of the first affiliated hospital of Zhengzhou 
University. We confirmed that all experiments were performed in accordance with relevant guidelines and 
regulations.

Measurements. Family history was defined as the presence of T2DM in either a parent or a sibling; smoking 
was defined as having smoked more than 1 cigarette every day and at least one year in one’s lifetime; similarly, 
drinking was defined as alcohol intake more than once per week. Anthropometric measurements included weight 
(kg); height (cm); BMI was calculated as weight divided by squared height. The fasting serum biochemical profile 
includes total cholesterol (mmol/L); LDL (mmol/L); HDL (mmol/L), and triglycerides (mmol/L), were deter-
mined by using cobas c8000 clinical Chemistry System (Roche, German). After an early morning spot urine 
sample collection, urinary albumin and creatinine concentrations were measured by Afinion AS100 Analyzer and 
the urine albumin-to-creatinine ratio (UACR) was defined as the urinary albumin value divided by the creatinine 
concentration (mg/g).

SNP selection and genotyping. Reference sequences of SIRT1 and FOXO1 were identified with National 
Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/). Haplotype-tagging 
SNPs (htSNPs) were used to analyze the SIRT1 and FOXO1 polymorphisms globally. htSNPs selection was con-
ducted with the pairwise option of the Haploview software 4.2, minor allele frequency (MAF) > 0.1 and the 
pairwise correlation was set as r2 > 0.8, based on the Chinese Han population data of HapMap (HapMap Data Rel 
28 Phase II + III, August 10, on NCBI B36 assembly, dbSNP b126). In summary, five htSNPs (rs3818292 A > G, 
rs4746720 T > C, rs10823108 G > A in SIRT1 and rs2721068 T > C, rs17446614 G > A in FOXO1) that captured 
most of the known common SNPs located in the chromosome locus transcribed into SIRT1 and FOXO1 and its 
flanking region (2000 bp upstream and 2000 bp downstream, respectively) were selected.

DNA was extracted from a peripheral blood sample using a QIAamp (Qiagen, Germany) kit, and ana-
lyzed by electrophoresis in 0.8% agarose gels stained with ethidium bromide and visualized in a Gel Doc 2000 
(BIORAD CA, USA). DNA concentration was determined using a VICTOR3 1420 spectrophotometer (Perkin–
Elmer, Germany). The five htSNPs were genotyped with restriction fragment length polymorphism method 
(PCR-RFLP). Primers and restriction endonucleases were shown in Table 7. The volume of PCR was 15 μl, 
which contained 7.5 μl 2 × Tap PCR Master Mix, 0.8 μM each primer, 50 ng DNA, and 5.7 μl deionized water. 
The PCR profile included an initial melting step of 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C 
for 30 s, annealing at 59 °C, 59 °C, 59 °C, 57 °C, and 57 °C for rs3818292, rs4746720, rs10823108, rs2721068, and 
rs17446614, respectively for 45 s and extension at 72 °C for 1 min and a final extension step of 72 °C for 10 min. 
PCR products were digested for 3–16 h at 37 °C by VspI, Hpy1881, Hpy1881, TspRI, and CviJI (Fermentas) for 
rs3818292, rs4746720, rs10823108, rs2721068, and rs17446614, respectively. The digested PCR products were 
separated on 3% agarose gel electrophoresis and stained with ethidium bromide. For each SNP in the groups 
of study, a concordance of 100% was observed when 30–50% of the samples were genotyped in duplicate. 10% 
samples were randomly selected from both cases and controls to confirm the genotyping results. The direct 

http://www.ncbi.nlm.nih.gov/
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sequencing (BGI Sequencing, Beijing) was also utilized for the genotype confirmation, and the result of confir-
mation were found to be 100% concordant.

Statistical analysis. Difference in the distribution of demographic characteristics and genotype frequen-
cies between cases and controls were evaluated using the χ2-test (Chi-square test). The associations between 
rs3818292, rs4746720, rs10823108, rs2721068, rs17446614 genotypes and risk of T2DN were estimated by com-
puting the odds ratio (ORs) and their 95% confidence interval(CI). Hardy–Weinberg equilibrium (HWE) for 
the genotype distribution of each SNP was tested by a goodness-of-fit Chi squared test to compare the observed 
genotype frequencies with the expected ones among the control subjects. The data were further stratified by 
demographic characteristics and biochemical factors to evaluate the stratum variable-related ORs among the five 
SNPs. MDR methods were used to detect the gene-environment factors interaction. The online SHEsis (http://
analysis.bio-x.cn/myAnalysis.php) was taken for Haplotype Analysis. Statistical analysis was performed by using 
SPSS 17.0 and SAS 9.1 software package. All tests were two sided and a P value < 0.05 was considered to be sta-
tistically significant.
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