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130021, China
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Abstract

Extensive studies have been performed on the role of 11β-hydroxysteroid dehydrogenase 1 (11β-

HSD1) in metabolic diseases. Our previous study reported glucose could directly regulate 

hexose-6-phosphate dehydrogenase (H6PDH) and 11β-HSD1. Recently, we further investigated 

the interplay of H6PDH and 11β-HSD1 and their roles in hepatic gluconeogenesis and insulin 

resistance to elucidate the importance of H6PDH and 11β-HSD1 in pathogenesis of type 2 

diabetes mellitus (T2DM). T2DM rats model and H6PDH or 11β-HSD1 siRNA transfected in 

CBRH-7919 cells were used to explore the effect of H6PDH and 11β-HSD1 in T2DM. The results 

showed that the expression and activity of H6PDH and 11β-HSD1 in livers of diabetic rats were 

increased, with the expressions of PEPCK and G6Pase or liver corticosterone increased apparently. 

It also showed that H6PDH siRNA and 11β-HSD1 siRNA could inhibit the protein expression and 

enzyme activity by each other. With H6PDH siRNA, the enhancement of gluconeogenesis was 

blocked and insulin resistance stimulated by corticosterone was reduced. H6PDH and 11β-HSD1 

might be the effective and prospective targets for T2DM and metabolic syndromes, based on the 

interplay between these two enzymes.
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As essential endocrine hormones, glucocorticoids could regulate nearly all major 

physiological functions, from cell proliferation to differentiation, from glucose to lipid 

metabolism 1. It has been reported that glucocorticoids are one of pivotal hormones involved 

in the pathogenesis of insulin resistance 2, 3. Glucocorticoids promote gluconeogenesis and 

antagonize the hypoglycemic effect of insulin. It has also been documented that 

glucocorticoids stimulated its receptor GR (glucocorticoid receptor) to increase the 

expression of gluconeogenesis key enzymes, PEPCK or G6Pase in the liver of db/db 

mice 4, 5. Several metabolic mechanisms are generalized in the mediation of glucocorticoid 

and its downstream signals. 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) is proved to 

be the key regulator of glucocorticoid on the pre-receptor level, which has been purified 

from hepatic microsomes of rats and cloned after it has been found several decades 

later 1, 6, 7.

11β-HSD1 is an enzyme in lumen of endoplasmic reticulum (ER) depending on NADPH, 

which has a high expression in liver, fat and skeleton muscle 8, 9. It could be a dual enzyme. 

With the characteristic of reductase, it transferred inactivated glucocorticoid to activated 

glucocorticoid in local tissue. Activated 11β-HSD1 increased tissue glucocorticoid and 

induced insulin resistance, obesity and high blood glucose, which were all linked with 

T2DM 1. On the contrary, inhibition of 11β-HSD1 suppressed generation of activated 

glucocorticoid and alleviated glucocorticoid reaction in liver and adipose tissue. Likewise, 

reductase activation of 11β-HSD1 was dependent on NADPH produced by H6PDH due to 

permeability of endoplasmic reticulum membrane to pyridine nucleotide 8.

H6PDH is located in ER lumen of hepatocytes and adipocytes as well, which was in the first 

reaction of pentose phosphate pathway catalysis. It has been reported previously that 

H6PDH knockout mice might have high fasting blood glucose because of no NADPH 

generation for hepatic 11β -HSD1 reductase impaired 10. Nonetheless, there seems to be no 

specific discussion about interactions between 11β-HSD1 and H6PDH or their regulation of 

hepatic gluconeogenesis via insulin signaling pathway.

Therefore, the study hypothesized that H6PDH and 11β-HSD1 activated by corticosterone 

modulated each other and influenced PEPCK and downstream insulin signals, to promote 

glucocorticoid and insulin resistance. 11β-HSD1 and H6PDH would take the crucial roles in 

glucose metabolism regulation, according to this pathogenesis of T2DM.
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To elucidate the importance of 11β-HSD1 and H6PDH in T2DM, T2DM rat model 11 was 

established. The related biochemical parameters were measured and shown in Table 1. 

Compared with CON group, there was significant growth in FBG (22.57±2.85mmol/L 

versus 4.66±1.13mmol/L, p<0.01), TC (2.95±0.54mmol/L versus 1.62±0.11mmol/L, 

p<0.01) and TG (2.43±0.27mmol/L versus 0.44±0.08mmol/L, p<0.01), respectively. 

Conversely, blood insulin level was twice less in DM group than that in CON group. It 

suggested that pancreas islet β cells were impaired heavily and lacking in secretion of 

enough insulin. So the model of diabetes mellitus was at decompensation stage.

To examine the insulin sensitivity and glucose tolerance level of T2DM rats, glucose 

tolerance test 12 and insulin tolerance test 13 were carried on. After STZ injection for 4 

weeks, the glucose tolerance level was shown (Fig. 1A). In CON group, blood glucose 

increased rapidly to the peak after glucose injection of 30min and went down gradually from 

30min to 90min. In DM group, there was a similar trend of glucose level. Average glucose 

levels were much higher than that in CON group (P<0.01). For insulin tolerance (Fig. 1B), 

glucose level went down slower than that in CON group. The percentages of initial blood 

glucose in the time line of DM group were apparently higher than those in CON group 

(P<0.01). At 120min, in DM group blood glucose took up initial blood glucose of 80% 

approximately and in CON glucose was about 40%. So the rats were with hyperglycemia 

and insulin resistance. The suitable T2DM rat model was established successfully.

To measure the content of corticosterone in serum and liver of DM and CON group 14, it 

was shown by fluorescence analysis in Table 2. Compared with CON group, there seemed to 

be no differences in the amount of corticosterone in DM group serum. But hepatic 

corticosterone was increased significantly (261.27±20.81ng/100mg compared with 

179.22±17.53ng/100mg, p<0.01). Thus the statistical difference of corticosterone level 

would be more obvious in tissue than in serum.

To analyze H6PDH and 11β-HSD1 expression 15 and activity 16, it was found that the 

expressions of H6PDH and 11β-HSD1 in DM group were higher than those in CON group 

(Fig. 1C and D). They had the same results for enzyme activity (Fig. 1E and F). As hepatic 

gluconeogenesis key enzymes, the expression of PEPCK and G6Pase were higher in DM 

group than in CON group (Fig. 1G and H).

For another, CBRH-7919 cell line was used in vitro for proving the importance of H6PDH 

and 11β-HSD1 or their interaction in T2DM. To establish the model and choose the optimal 

transfection ratio 17, the cells were cultured for 48h. It could be observed in the microscope 

that over 70% of cells were shown with green fluorescence with 100 times (Fig. 2A and C) 

and 200 times (Fig. 2B and D). Compared with normal cells, H6PDH expression was no 

difference after negative control interfering (Fig. 2E). Compared with negative control 

interfering, the optimal concentration was 3–4μg, which blocked the expression of H6PDH 

at most (p<0.01). Compared with negative control group, 3–4μg was also a good choice for 

11β-HSD1 siRNA via CBRH-7919 transfection for 72h incubation (Fig. 2F), because 11β-

HSD1 expression decreased apparently (p<0.01).
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To examine the interplay of H6PDH and 11β-HSD1 in RNA level 18, protein level 15 and 

protein activity 19 with H6PDH and 11β-HSD1 siRNA, RT-PCR, WB and activity assay 

were conducted. There were no differences in RNA, expression and activity of H6PDH and 

11β-HSD1 from negative control group. Compared with negative control, RNA levels were 

decreased significantly (p<0.01) for H6PDH and 11β-HSD1 (Fig. 3A and B). It was found 

that transfected with H6PDH siRNA, the expression of H6PDH could decrease significantly 

and 11β-HSD1 expression was suppressed (Fig. 3C). However, when cells were incubated 

with 11β-HSD1 siRNA, 11β-HSD1 expression could be decreased with suppression of 

H6PDH expression (Fig. 3D). Additionally, in H6PDH siRNA transfected group, H6PDH 

activity could be affected apparently with 11β-HSD1 activity decreased by one fourth (Fig. 

3E). In 11β-HSD1 siRNA transfected group, 11β-HSD1 and H6PDH activity were both 

decreased (Fig. 3F).

To examine whether the influence of interplay between H6PDH and 11β-HSD1 could affect 

hepatocyte gluconeogenesis, protein level changes were recorded by western blot 15. 10−6M 

corticosterone stimulation 20 could upregulate the expression of H6PDH (Fig. 4A) and 11β-

HSD1 (Fig. 4B). This reaction was blocked by insulin. After H6PDH expression decreased 

by H6PDH siRNA interfering, corticosterone still upregulated H6PDH and 11β-HSD1 

expression. The suppression of insulin to H6PDH was weakened, but the suppression of 

insulin to 11β-HSD1 was still existed. 10−6M corticosterone also upregulated 

gluconeogenesis key enzyme PEPCK in RNA (Fig. 4C) and protein level (Fig. 4D). The 

expression of PEPCK towards insulin was not significantly suppressed.

To further examine the influence of hepatocyte insulin signaling pathway by H6PDH, 

protein expressions were measured by western blot 15. Without stimulation of 

corticosterone, the expressions of IR-β, IRS1, Akt, p-Akt were upregulated after insulin 

stimulation. When CBRH-7919 cells were incubated in corticosterone, the expressions of 

IR-β, IRS1, Akt, p-Akt were not upregulated after the same insulin stimulation (Fig. 4E). In 

addition, when H6PDH expression decreased by H6PDH siRNA transfection, insulin 

resistance induced by corticosterone was alleviated, and the expressions of IR-β and p-Akt 

were increased obviously after insulin stimulation (Fig. 4F). Thus blocking of H6PDH 

attenuated insulin resistance induced by corticosterone.

Previously, a great number of evidence proved that glucocorticoid took a crucial role in the 

development of obesity or T2DM. Hepatic gluconeogenesis was activated by glucocorticoid, 

which inhibited glucose reduction via insulin. These were thought to be the main causes 

leading to high blood glucose level of T2DM patients 21, 22. It was also reported that 

glucocorticoid level in insulin target tissues might be regulated by 11β-HSD1, such as liver, 

skeleton muscle, visceral fat, etc. 4, 23. 11β-HSD1 might have glucocorticoid combine with 

cellular GR to show the tissue specific activation of glucocorticoid. Additionally, according 

to the structure characteristics, limited and selective permeability of ER membrane to 

pyridine nucleotide, reductase activity of 11β-HSD1 located in lumen of ER depended on 

providing NADPH from H6PDH 8, 24, 25. 11β-HSD1 was regulated by H6PDH in ER of 

liver and adipose tissue catalyzing G6P and NADP+ to generate NADPH 26. It has been 

announced that reductase activation of hepatic 11β-HSD1 in H6PDH knockout mice might 

be impaired due to no generation of NADPH 10. In our studies, rats with stable blood 
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glucose showed some typical syndromes of clinical T2DM, such as high blood glucose, high 

blood lipid, insulin resistance and insufficient insulin secretion. It was also illustrated that 

the expression and activity of H6PDH and 11β-HSD1 in T2DM rats were significantly 

enhanced, and hepatic corticosterone amount was higher than that in CON group. In our 

cellular experiments, it illuminated further that H6PDH and 11β-HSD1 might have a 

bidirectional regulation mechanism. Furthermore, the crucial factors of development in 

insulin resistance competition for mankind is partial production of hydrocortisone and 11β-

HSD1 expression increasing via seizing more GR 27. The ratio of hydrocortisone/cortisone 

was also higher in patients with hypothalamic obesity mainly based on the consequence of 

increased 11β-HSD1 activity. Likewise, it has been reported that in db/db mice, excess 

corticosterone might result in high blood glucose, insulin resistance and obesity. When 

corticosterone level increased in circulatory system, hepatic H6PDH would be activated and 

level went up for more NADPH production and 11β-HSD1 reductase activity 28–30. 

Inhibition of hepatic 11β-HSD1 activity could improve insulin sensitivity and decrease the 

expression of PEPCK 31, 32. Our results also proved that PEPCK and G6Pase expression in 

T2DM group apparently higher than CON group. Therefore, it speculated that H6PDH 

activated by corticosterone upregulated 11β-HSD1 and 11β-HSD1 could strengthened 

gluconeogenesis in T2DM via stimulating GR and activating gluconeogenesis key enzymes. 

11β-HSD1 might also suppress H6PDH.

Subsequently, to study the mechanism how H6PDH and 11β-HSD1 regulate the 

gluconeogenesis and insulin resistance, we built up the cellular models. It was reported 

when preadipocytes 3T3-L1 was stimulated with 10−6M dexamethasone over 24h, insulin 

resistance might occurred 33. Similarly, insulin resistance happened when CBRH-7919 was 

incubated in 10−6M corticosterone about 48h in our studies. After transfected with H6PDH 

siRNA for 24h, CBRH-7919 was incubated in 10−6M corticosterone for 48h. With insulin 

stimulation, it was found that corticosterone up-regulated the expression of H6PDH, 

improved NADPH production with 11β-HSD1 activity increasing and alleviated the 

inhibition of PEPCK by insulin. It was also found that cellular protein expressions 

stimulated by insulin were up-regulated, including IR-β, IRS-1, Akt and p-Akt. But their 

expressions with corticosterone and insulin stimulation weren’t upregulated. Thus, it 

elucidated that corticosterone might induce insulin resistance in rat hepatocytes. Moreover, 

H6PDH siRNA transfection inhibited PEPCK expression, weakened insulin resistance 

induced by corticosterone, and upregulated IR-β and p-Akt expression under insulin 

resistance condition. It suggested that inhibition of H6PDH not only blocked 

gluconeogenesis induced by corticosterone stimulation, but also impaired corticosterone-

induced insulin resistance, which was the possible mechanism for H6PDH in 

gluconeogenesis and insulin sensitivity.

In summary, all the results above illustrated that H6PDH and 11β-HSD1 might be the 

potential targets of T2DM and metabolism disorders. The interaction between H6PDH and 

11β-HSD1 might be a prospective option for developing a novel treatment of T2DM. These 

studies might provide the theoretical support for clinical T2DM treatment.

Yao et al. Page 5

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

This work was supported by National Natural Science Foundation of China (30772604, 30572218), Frontier 
Interdisciplinary Program of Norman Bethune Health Science Center of Jilin University (2013101001), Young 
Scholars Program of Norman Bethune Health Science Center of Jilin University (2013201011), Jilin Science & 
Technology Development Plan (20140203011YY, 20150311013YY, 20150101156JC), Norman Bethune Program 
of Jilin University (2015224). This work was conducted in Preclinical Pharmacology R&D Center of Jilin Province 
and Key Lab of Traditional Medicine for Diabetes of Jilin Province. Yanjun Liu is supported by NIH grant SC1 
DK104821.

References

1. Odermatt A, Klusonova P. 11beta-Hydroxysteroid dehydrogenase 1: Regeneration of active 
glucocorticoids is only part of the story. J Steroid Biochem Mol Biol. 2015; 151:85–92. [PubMed: 
25151952] 

2. Barnes PJ. Glucocorticosteroids: current and future directions. Br J Pharmacol. 2011; 163(1):29–43. 
[PubMed: 21198556] 

3. Kadmiel M, Cidlowski JA. Glucocorticoid receptor signaling in health and disease. Trends 
Pharmacol Sci. 2013; 34(9):518–530. [PubMed: 23953592] 

4. Liu Y, Nakagawa Y, Wang Y, et al. Increased glucocorticoid receptor and 11{beta}-hydroxysteroid 
dehydrogenase type 1 expression in hepatocytes may contribute to the phenotype of type 2 diabetes 
in db/db mice. Diabetes. 2005; 54(1):32–40. [PubMed: 15616008] 

5. Du H, Liu L, Wang Y, et al. Specific reduction of G6PT may contribute to downregulation of hepatic 
11beta-HSD1 in diabetic mice. J Mol Endocrinol. 2013; 50(2):167–178. [PubMed: 23267038] 

6. Agarwal AK, Monder C, Eckstein B, White PC. Cloning and expression of rat cDNA encoding 
corticosteroid 11 beta-dehydrogenase. J Biol Chem. 1989; 264(32):18939–18943. [PubMed: 
2808402] 

7. Monder C, Lakshmi V. Corticosteroid 11 beta-hydroxysteroid dehydrogenase activities in vertebrate 
liver. Steroids. 1988; 52(5–6):515–528. [PubMed: 3254630] 

8. Piccirella S, Czegle I, Lizak B, et al. Uncoupled redox systems in the lumen of the endoplasmic 
reticulum. Pyridine nucleotides stay reduced in an oxidative environment. J Biol Chem. 2006; 
281(8):4671–4677. [PubMed: 16373343] 

9. Zielinska AE, Walker EA, Stewart PM, Lavery GG. Biochemistry and physiology of hexose-6-
phosphate knockout mice. Mol Cell Endocrinol. 2011; 336(1–2):213–218. [PubMed: 21146583] 

10. Lavery GG, Walker EA, Draper N, et al. Hexose-6-phosphate dehydrogenase knock-out mice lack 
11 beta-hydroxysteroid dehydrogenase type 1-mediated glucocorticoid generation. J Biol Chem. 
2006; 281(10):6546–6551. [PubMed: 16356929] 

11. 30 male Wistar rats (Experimental animal center holding of Jilin University) were purchased to 
develop the diabetic rat model, according to the method of high-fat diet with multiple low-doses of 
streptozotocin (STZ) injection 34, 35. Firstly, rats were divided randomly into control group (CON) 
with standard chow (5% calories from fat) and diabetic group (DM) with multiple STZ injection 
(DM) with high-fat diet feeding (22% calories from fat) (The artificial diet center of the 
experimental animal holding facility). After standard or high-fat diets feeding for 4 weeks, DM 
group and CON group were injected intraperitoneally with STZ (30mg/kg) and equal volume of 
vehicle citrate buffer (pH4.4), respectively. STZ was dissolved in 0.1M sodium citrate buffer at 
pH4.4. Then, they were injected again in the next week with the same dose of STZ or vehicle 
citrate buffer. The diagnostic criteria of diabetic rat model was that fasting blood glucose (FBG) 
should be over 7.8mmol/L. So FBG was measured after STZ injection for another 4 weeks. If 
model was established successfully, the rats were fasting for 12–16h. Blood samples were 
collected from tail vein and centrifuged for 15min at 3500g. FBG, total cholesterol (TC) and 
triglyceride (TG) were measured with kits (Beijing BHKT Clinical reagent Co., Ltd). Fasting 
insulin was measured by radioimmunoassay kit (Shanghai Institute of Biological Products). They 
were sacrificed under anesthesia with liver collected in −80°C for analysis.

12. After a 12–16h fasting period, FBG was measured as 0min samples. The rats for IPGTT were 
conducted with an intraperitoneal injection of 40% glucose (2g/kg of body weight). The other 
samples were collected at 30min, 60min and 120min from tail vein.

Yao et al. Page 6

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. For ITT, the rats with an 8h-fasting period were conducted with an intraperitoneal injection of 
insulin (0.75IU/kg, Novolin R; Eli Lilly). The samples were also collected at 0min, 30min, 60min 
and 120min for glucose oxidase kit measurement (Beijing BHKT Clinical reagent Co., Ltd).

14. 100μg/ml corticosterone standard buffer should be prepared first. 10mg corticosterone was 
dissolved in 100ml total ethanol for storage buffer. 0.4μg/ml standard buffer was prepared with 
40μl storage buffer and 10ml 0.04mol/L NaOH. The sulfuric acid and ethanol for coloring was 
prepared with 7 volumes of sulfuric acid and 3 volumes of pure ethanol. For standard curve 
establishing, standard buffer was diluted with 0.04mol/L NaOH for 0.02μg/ml, 0.04μg/ml, 
0.06μg/ml, 0.08μg/ml, 0.10μg/ml, 0.12μg/ml, 0.16μg/ml and 0.20μg/ml. Fluorescence intensity 
was measured by standard curve. Next, 0.5ml serum or liver tissue was mixed with 0.5ml or 1ml 
0.04mol/L NaOH buffer. The mixture was added with 5ml dichloromethane, shaking vigorously 
for 2min. After separation of distinct phases, water phase was dropped. Dichloromethane phase 
was collected and added with 2.5ml sulfuric acid including ethanol, shaking for 2min vigorously. 
After standing for 30min, the sulfuric acid and ethanol part was meas ured by fluorescence 
spectrophotometer. The results of fluorescence intensity were used for calculating the content of 
corticosterone.

15. Protein samples were extracted from liver and stimulated hepatocytes with examining of 
concentrations via Bradford assay (Bio-Rad protein assay kit). For western blot (WB) 
measurement, primary antibody was prepared and diluted with TBS, including H6PDH (1:1000), 
11β-HSD1 (1:1000), PEPCK (1:1500), G6 Pase (1:1000), IRS-1 (1:1000), IR-β (1:1500), Akt 
(1:1500), p-Akt (1:1000) and β actin (1:5000) (Santa Cruz). The secondary antibody was goat-
anti-rabbit antibody (1:2000, Santa Cruz). After incubation, membranes were pictured with ECL 
(Thermo Fisher Scientific Inc., USA) and X-ray film, analyzing by Quantity one.

16. H6PDH activity in vivo was determined by level of NADPH production 26, 36. 20mg microsomes 
collected via liver homogenization and differential centrifugation, 0.5–5mM glucosamine-6-
phosphate (G6P) and 1–5mM nicotinamide-adenine dinucleotide phosphate (NADP+) were 
incubated in 100mM glycine buffer for 30min. NADPH production was measured as absorbance at 
340nm by the spectrophotometer (Synergy 2 SL, BioTek) every 5min. Based on the results, the 
standard curve of NADPH would be calculated. Then, nanomoles of NADPH production per mg 
protein in one minute could represent H6PDH activity. 11β-HSD1 activity in vivo was determined 
by the content of corticosterone with ELISA kit (R&D, USA) 4, 37. 20mg microsomes, 2μM 11-
dehydrocorticosterone and 200μM NADPH were incubated in 50mM PBS for 1h at 37°C. 
According to the instructions of kit, 11β-HSD1 activity was presented by moles of corticosterone 
per mg protein in one minute.

17. Rat hepatocyte CBRH-7919 (TCR2) (Shanghai institute of Biochemistry and Cell Biology, 
Chinese Academy of Sciences) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) with 10% fetal bovine serum (FBS). For plasmid transfection, CBRH-7919 were seeded in 
6-well plate for 24h. After 70%–90% confluence, they were incubated in Opti-MEM for 30min. 1–
4μg plasmids and 6μl FuGENE HD were mixed with 100μl Opti-MEM for 15min before culturing 
the hepatocytes. After culturing for 4–6h, medium were changed with DMEM. The negative 
control was the cells transfected by FuGENE HD with no homology sequence of target gene. 
H6PDH siRNA, 11β-HSD1 siRNA and negative control siRNA has been designed with GFP 
plasmid in pRNATin-H1.2 (Ambion company).

18. Cellular total RNA were collected from hepatocytes by TRIzol reagent (Invitrogen), according to 
the manufacturer’s instructions. 2μg total RNA were used for cDNA synthesis with SuperScript 
reverse transcriptase and for reverse transcription production amplifying. The specific primers for 
rat contains h6pdh (forward: 5′-ATCATTACCTGGGCAAGC-3′, reverse: 5′-
GCCATACTCCTCGTAGAAACT-3′), 11β-hsd1 (forward: 5′-
GAAGAAGCATGGAGGTCAAC-3′, reverse: 5′-GCAATCAGAGGTTGGGTCAT-3′), pepck 
(forward: 5′-AGCCTCGACAGCCTGCCC CAGG-3′, reverse: 5′-
CCAGTTGTTGACCAAAGGCTTTT-3′) and gapdh (forward: 5′-CCATGG 
AGAAGGCTGGG-3′, reverse: 5′-CAAAGTTGTCATGGATGACC-3′) 34. The amplification 
conditions of h6pdh, 11β-hsd1, pepck, and gapdh were optimized in preliminary studies to result 
in amplification within the linear range. Specifically, the amplification conditions were as follows. 
h6pdh was for 94°C 30s, 57°C 30s and 72°C 15s with 30 cycles. 11β-hsd1 was for 94°C 30s, 60°C 
30s and 72°C 15s with 32 cycles. pepck was for 94°C 30s, 59°C 30s and 72°C 35s with 30 cycles. 

Yao et al. Page 7

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gapdh was for 94°C 30s, 58°C 30s and 72°C 15s with 25 cycles. Then, PCR products were 
visualized on agarose gels with ethidium bromide staining. Finally, gels were taken pictures under 
UV light. Relative gene expression was analyzed by densitometry with analysis software.

19. H6PDH activity in vitro was also determined by NADPH production 26, 38. 20mg cellular protein, 
2mM G6P and 0.5mM NADP+ were incubated in 100mM glycine buffer for 30min. After 
absorbance results collection every 5min, H6PDH activity was present by nanomoles of NADPH 
per mg protein in one minute. 11β-HSD1 activity in vitro was also represented by measurement of 
corticosterone with ELISA 4, 39. 200nM 11-dehydrocorticosterone was added to cell medium and 
cultured at 37°C for 1h. Supernatant was centrifuged at 1000g for 10min as ELISA kit samples. 
Moles of corticosterone per mg protein in one minute represented 11β-HSD1 activity.

20. After transfection of CBRH-7919 with H6PDH siRNA and negative control plasmid for 24h, 
10−6M corticosterone was added for another 48h incubation. Before protein collection, 10−7M 
insulin was added for measurements of insulin signaling proteins in hepatocytes.

21. Andrews RC, Walker BR. Glucocorticoids and insulin resistance: old hormones, new targets. Clin 
Sci (Lond). 1999; 96(5):513–523. [PubMed: 10209084] 

22. Brindley DN. Role of glucocorticoids and fatty acids in the impairment of lipid metabolism 
observed in the metabolic syndrome. Int J Obes Relat Metab Disord. 1995; 19(Suppl 1):S69–75.

23. Kotelevtsev Y, Holmes MC, Burchell A, et al. 11beta-hydroxysteroid dehydrogenase type 1 
knockout mice show attenuated glucocorticoid-inducible responses and resist hyperglycemia on 
obesity or stress. Proc Natl Acad Sci U S A. 1997; 94(26):14924–14929. [PubMed: 9405715] 

24. Atanasov AG, Nashev LG, Schweizer RA, Frick C, Odermatt A. Hexose-6-phosphate 
dehydrogenase determines the reaction direction of 11beta-hydroxysteroid dehydrogenase type 1 
as an oxoreductase. FEBS Lett. 2004; 571(1–3):129–133. [PubMed: 15280030] 

25. Czegle I, Piccirella S, Senesi S, et al. Cooperativity between 11beta-hydroxysteroid dehydrogenase 
type 1 and hexose-6-phosphate dehydrogenase is based on a common pyridine nucleotide pool in 
the lumen of the endoplasmic reticulum. Mol Cell Endocrinol. 2006; 248(1–2):24–25. [PubMed: 
16337333] 

26. Liu Y, Nakagawa Y, Wang Y, et al. Reduction of hepatic glucocorticoid receptor and hexose-6-
phosphate dehydrogenase expression ameliorates diet-induced obesity and insulin resistance in 
mice. J Mol Endocrinol. 2008; 41(2):53–64. [PubMed: 18524870] 

27. Johansson A, Andrew R, Forsberg H, Cederquist K, Walker BR, Olsson T. Glucocorticoid 
metabolism and adrenocortical reactivity to ACTH in myotonic dystrophy. J Clin Endocrinol 
Metab. 2001; 86(9):4276–4283. [PubMed: 11549662] 

28. Bamberger CM, Schulte HM, Chrousos GP. Molecular determinants of glucocorticoid receptor 
function and tissue sensitivity to glucocorticoids. Endocr Rev. 1996; 17(3):245–261. [PubMed: 
8771358] 

29. Nieman LK, Chrousos GP, Kellner C, et al. Successful treatment of Cushing’s syndrome with the 
glucocorticoid antagonist RU 486. J Clin Endocrinol Metab. 1985; 61(3):536–540. [PubMed: 
2991327] 

30. Shimomura Y, Bray GA, Lee M. Adrenalectomy and steroid treatment in obese (ob/ob) and 
diabetic (db/db) mice. Horm Metab Res. 1987; 19(7):295–299. [PubMed: 2957297] 

31. Alberts P, Engblom L, Edling N, et al. Selective inhibition of 11beta-hydroxysteroid 
dehydrogenase type 1 decreases blood glucose concentrations in hyperglycaemic mice. 
Diabetologia. 2002; 45(11):1528–1532. [PubMed: 12436336] 

32. Walker BR, Connacher AA, Lindsay RM, Webb DJ, Edwards CR. Carbenoxolone increases 
hepatic insulin sensitivity in man: a novel role for 11-oxosteroid reductase in enhancing 
glucocorticoid receptor activation. J Clin Endocrinol Metab. 1995; 80(11):3155–3159. [PubMed: 
7593419] 

33. Sakoda H, Ogihara T, Anai M, et al. Dexamethasone-induced insulin resistance in 3T3-L1 
adipocytes is due to inhibition of glucose transport rather than insulin signal transduction. 
Diabetes. 2000; 49(10):1700–1708. [PubMed: 11016454] 

34. Fan Z, Du H, Zhang M, Meng Z, Chen L, Liu Y. Direct regulation of glucose and not insulin on 
hepatic hexose-6-phosphate dehydrogenase and 11beta-hydroxysteroid dehydrogenase type 1. Mol 
Cell Endocrinol. 2011; 333(1):62–69. [PubMed: 21163329] 

Yao et al. Page 8

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Zhang M, Lv XY, Li J, Xu ZG, Chen L. The characterization of high-fat diet and multiple low-dose 
streptozotocin induced type 2 diabetes rat model. Exp Diabetes Res. 2008; 2008:704045. 
[PubMed: 19132099] 

36. Clarke JL, Mason PJ. Murine hexose-6-phosphate dehydrogenase: a bifunctional enzyme with 
broad substrate specificity and 6-phosphogluconolactonase activity. Arch Biochem Biophys. 2003; 
415(2):229–234. [PubMed: 12831846] 

37. Nammi S, Dembele K, Nyomba BL. Increased 11beta-hydroxysteroid dehydrogenase type-1 and 
hexose-6-phosphate dehydrogenase in liver and adipose tissue of rat offspring exposed to alcohol 
in utero. Am J Physiol Regul Integr Comp Physiol. 2007; 292(3):R1101–1109. [PubMed: 
17122334] 

38. Wang Y, Nakagawa Y, Liu L, et al. Tissue-specific dysregulation of hexose-6-phosphate 
dehydrogenase and glucose-6-phosphate transporter production in db/db mice as a model of type 2 
diabetes. Diabetologia. 2011; 54(2):440–450. [PubMed: 21052977] 

39. Liu Y, Nakagawa Y, Wang Y, et al. Leptin activation of corticosterone production in hepatocytes 
may contribute to the reversal of obesity and hyperglycemia in leptin-deficient ob/ob mice. 
Diabetes. 2003; 52(6):1409–1416. [PubMed: 12765951] 

Yao et al. Page 9

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Insulin resistance measurement, the expression and activity of H6PDH or 11β-HSD1 and 
key enzymes of gluconeogenesis in T2DM rats
A–B. IPGTT and ITT was performed compared between CON group and DM group after 

STZ injection for 4w. C–D. The protein expression of H6PDH and 11β-HSD1 in CON and 

DM group of liver. E–F. The activity of H6PDH and 11β-HSD1 in CON and DM group of 

liver. G–H. The protein expression of PEPCK and G6Pase in CON and DM group of 

liver.n≥5, **p<0.01, *p<0.05 compared with CON group.
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Fig. 2. The transfection ratio and concentration screening of H6PDH and 11β-HSD1 siRNA in 
rat hepatic cells
A–D. After H6PDH or 11β-HSD1 siRNA transfection for 48h, CBRH-7919 could be 

observed by fluorescence microscope with 100 times and 200 times. E. After H6PDH 

siRNA transfection in different concentrations for 72h, H6PDH expression was shown. F. 

After 11β-HSD1 siRNA transfection in different concentration for 72h, 11β-HSD1 

expression was shown. *p<0.05, **p<0.01 compared with negative control.
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Fig. 3. The interplay of H6PDH and 11β-HSD1
A. After H6PDH siRNA transfection for 48h, h6pdh mRNA was measured. B. After 11β-

HSD1 siRNA transfection for 48h, 11β-hsd1 mRNA was measured. C–D. H6PDH or 11β-

HSD1 expressions in CBRH-7919 were measured after H6PDH and 11β-HSD1 siRNA 

transfection for 72h. E–F. After H6PDH and 11β-HSD1 siRNA transfection for 72h, 

H6PDH or 11β-HSD1 activities were recorded. *p<0.05, **p<0.01 compared with negative 

control.
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Fig. 4. The influence of hepatocyte gluconeogenesis by H6PDH and 11β-HSD1 siRNA and the 
influence of hepatocyte insulin signaling pathway stimulated by H6PDH siRNA
A–B. After H6PDH transfection for 24h, with 10−6M corticosterone cultured for 48h and 

insulin stimulated for 30min, H6PDH and 11β-HSD1 expressions were shown. C–D. After 

H6PDH transfection for 24h, with 10−6M corticosterone cultured for 48h and insulin 

stimulated for 30min, PEPCK mRNA and protein expressions were shown. E. After 10−6M 

corticosterone cultured for 48h and insulin stimulated for 30min, protein expressions of 

CBRH-7919 were shown, including IR-β, IRS1, Akt and p-Akt, with β actin as standard 

reference. F. After H6PDH transfection for 24h, with 10−6M corticosterone cultured for 48h 

and insulin stimulated for 30min, protein expressions of CBRH-7919 were shown, including 

IR-β, IRS1, Akt, p-Akt and β actin. ▲p<0.05 compared between H6PDH siRNA and 

negative control, *p<0.05 compared between with and without corticosterone cultured 

group, #p<0.05 compared between with and without insulin stimulation group.
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Table 1

Body weight and biochemical parameters of type 2 diabetes mellitus rats

Group CON DM

Weight(g) 363.9±6.02 376.6±7.25

FBG(mmol/L)   4.63±0.25   22.03±1.29⋆

Insulin(mIU/L) 13.50±1.39     6.96±0.75⋆

TC(mmol/L)   1.62±0.11     2.95±0.54⋆

TG(mmol/L)   0.44±0.08     2.43±0.27⋆

⋆
p<0.01 compared with CON group (n≥10)
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Table 2

The amount of serum corticosterone and liver corticosterone in CON group and DM group

Group Serum Corticosterone (ng/ml) Liver Corticosterone (ng/100mg)

CON 114.56±12.60 179.22±17.53

DM 119.48±15.48   261.27±20.81⋆

n≥5,

⋆
p<0.01 compared with CON group
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