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a b s t r a c t

We found compound 12N-p-trifluoromethylbenzenesulfonyl matrinane (1) was a potent anti-diabetic

agent. Thirty-five tricyclic matrinic derivatives were synthesized and determined for their stimulatory ef-

fects on glucose consumption in L6 myotubes, taking 1 as the lead. In high-fat diet (HFD) and STZ induced

diabetic mice, 9a significantly lowers blood glucose, improves glucose tolerance, and especially alleviates

diabetic nephropathy and islet damage. Mechanism study indicates that 9a simultaneously targets mito-

chondrial complex I to increase AMP/ATP ratio, as well as liver kinase B1 (LKB1) and calcium/calmodulin-

dependent protein kinase (CaMKK), which synergistically activates AMPKα and then stimulates glucose

transporter 4 (GLUT4) membrane translocation and 2-deoxyglucose (2-DG) uptake to exert anti-diabetic

efficacy. Therefore, compound 9a with a novel structure is a promising anti-diabetic candidate with the

advantage of multiple-target mechanism, worthy of further investigation.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetes mellitus (mainly type 2) and related complications are

leading causes of morbidity and mortality worldwide. The global

market of hypoglycemic drugs expands rapidly, and multiple of

hypoglycemic agents such as biguanides, dipeptidyl peptidase-4

(DPP-4) inhibitors, glucagon-likepeptide-1 (GLP-1) receptor ago-

nists, and sodium-glucose co-transporter type 2 (SGLT2) inhibitors

are used to treat type 2 diabetes in clinical [1–3]. However, the

unignored side effects, such as pancreatitis caused by GLP-1 re-

ceptor agonists [4], and acidosis or urinary tract infection induced

by SGLT2 inhibitors [5,6] limited their clinical application. There-

fore, development of anti-diabetic drugs with high safety profile

and novel mechanism is of scientific importance.

Recently, we found that 12N-p-trifluoromethylbenzenesulfonyl

matrinane (1, Fig 1), derived from natural product matrine (2), dis-

played promising anti-diabetic effects through suppression of glu-

cose aerobic oxidation and induction of glycolysis with the advan-

tages of high safety profile and ameliorating diabetic nephropathy

[7]. In order to develop a new type of hypoglycemic candidates, a

series of tricyclic matrinic analogues was continuously synthesized
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to expand the glucose-lowering structure-activity relationship and

in-depth mechanism research of its kind.

According to the primary structure-activity relationship (SAR)

analysis, 11-butane side chain was beneficial for activity [7]. SAR

investigation was mainly focused on the substitution on the 12N

atom in this study while 11-side chain was set as lipophilic butane

or bulky ester and amide moiety, by which a panel of tricyclic ma-

trinic analogues (Table 1) were prepared. All the target compounds

were tested in vitro for their ability to stimulate glucose consump-

tion in skeletal muscle L6 cell, and the druglike property, in vivo

hypoglycemic effect as well as mode of action of the key com-

pound were illustrated in this study.

A total of 35 tricyclic matrinic analogues, of which 26 were

new, were prepared from 2, as depicted in Scheme 1. Compounds

9a–e, 12a, 12b, 12d and 14a were prepared as we described [8–12].

The key intermediate matrinane 8 was acquired from 2 through a

seven-step procedure in a good yield as reported previously [8],

and the aimed 12N-substituted matrinane derivatives 9f–x were

obtained from an electrophilic substitution reaction of 8 in 33%–

73% yields [8–10,13]. Target compounds 12a–g and 14a–d were

gained from a two-step sequence reaction from intermediates 10a–

d, respectively [11,12].

All target compounds were evaluated for their stimulatory effi-

cacy on glucose consumption at the concentration of 20 μmol/L in
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Fig. 1. Chemical structure and modification of lead 1.

L6 rat skeletal muscle cells, taking 1 (20 μmol/L) and metformin

(MET, 5 mmol/L) as the positive controls. The activity was identi-

fied as the ratio of Gx /GDMSO. The structures and activities of all

target compounds were listed in Table 1.

Our previous SAR study disclosed that the p-CF3 on the ben-

zene ring (1) owned higher activity than o-CF3 [8], then compound

9a with m-CF3 was generated and gave a superior activity to the

lead 1 and MET (5 mmol/L), with the Gx/GDMSO value of 1.35. How-

ever, compounds 9b–e with various of other substitutions on the

benzene ring gave significantly declined activities, indicating CF3
might be beneficial for the activity.

Table 1

The structures and glucose consumptions of target compounds in L6 myotubes.
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Scheme 1. The synthesis of all target compounds.

Then, the sulfonyl linker was replaced by aminocarbonyl linker,

and compounds 9f–o with a benzene ring were synthesized and

evaluated. Except for compounds p-Et (9g) and p-chloro (9j) gave

a comparable activity to 1, all other compounds gave decreased

activities to varying degrees. The alternation of benzene ring

into cyclohexyl (9m) or cyclopentyl (9n) ring led to compara-

ble or declined activities. The alternation of aminocarbonyl into

metheneaminocarbonyl or aminocarbonylmethene also brought de-

scended activities, as seen in 9o or 9p–x.

In addition, compounds 12a–g with a lipophilic bulky 11-side

chain were obtained. Compounds 12a–d with an adamantly ester

moiety gave comparable or slightly inferior activities to the lead 1.

The alternation of ester bond into amide bond gave decreased ac-

tivities, as seen in compounds 12e–g. Meanwhile, another series of

matrinyl 2-norbornane acetates 14a–c displayed inferior activities

too, indicating the replacement of 11-butane into the bulky ester

or amide moiety was unfavorable for activity.

Then the glucose consumption-stimulating activities of 9a at

different concentrations (10, 20 and 40 μmol/L) were verified in

L6 myotubes, HepG2 cells and 3T3-L1 cells, taking 1 as the pos-

itive control. It dose-dependently promoted glucose consumption

in all three cells (Fig. S1 in Supporting information), and the effi-

cacies were higher than those of 1 when administered at a same

concentration.

Then the druglike property of 9a was evaluated. In acute toxic-

ity test, it gave the median lethal dose (LD50) values of over 1000

mg/kg via oral route, comparable to that of lead 1 [8], as well as

the LD50 values of 400 mg/kg and over 40 mg/kg via intraperi-

toneal and intravenous routes respectively. And it gave the LD50

value between 50–60 μmol/L in the zebrafish embryonic develop-

mental toxicity assay (Fig. S2 in Supporting information). The PK

profiles of compound 9a was investigated in SD rat model at the

dosage of 25 mg/kg via oral route. As depicted in Table S1 and Fig.

S3 (Supporting information), it gave the T1/2 value of 4.03 h, max-

imum concentration (Cmax) of 1.04 μmol/L, area under curve (AUC)

of 7.36 μmol h/L, and an oral bioavailability of 16.7%. These results

suggested that 9a owned a high druglike profile.

The beneficial effects of 9a on glucose metabolism were evalu-

ated in a high-fat diet (HFD)+ STZ-induced diabetic mouse model.

The research committee of the Institute of Medicinal Biotechnology

reviewed and approved the protocols of the animal experiments.

Animals were treated humanely and cared for according to the

guidelines of CAMS&PUMC. As shown in Table S2 (Supporting

information), the diabetic model was developed successfully

before treatment. After 8 weeks of administration, the fasting

blood glucose (FBG) values of the diabetic mice were lowered by

9a dose-dependently. It lowered FBG at 100 mg/kg to an extent

similar to that of MET at 300 mg/kg, comparable to 1’s efficacy

in KK-Ay mice [8]. The decreased serum insulin level was greatly

restored by 9a, and 9a at 50 mg/kg gave a comparable efficacy

to 1 at 100 mg/kg in KK-Ay mice [8]. It also restored the liver

and kidney functions by reducing serum creatinine (Scr), alanine

aminotransaminase (ALT), aspartate aminotransferase (AST) and

total bile acid (TBA) levels, similar to those of MET.

In oral glucose tolerance test (OGTT), the HFD+ STZ induced di-

abetic mice had impaired glucose tolerance as compared to normal

control. Compound 9a improved glucose tolerance of the diabetic

mice significantly and dose-dependently (Figs. 2A and B), the activ-

ities of 9a at 50 mg/kg were comparable to those of 1 at 100 mg/kg

in KK-Ay mice [8], and the activities of 9a at 100 mg/kg were com-

parable to those of MET at 300 mg/kg. Significant abnormalities

appeared in the kidney of diabetic mice (Fig. 2C), which included

glomerular sclerosis and tubulointerstitial lesions (Figs. 2D and E),

and these pathological changes were greatly ameliorated by 9a ad-

ministration (Figs. 2C– E), in a comparable efficacy to 1 in KK-Ay

mice [8].
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Fig. 2. (A, B) Effects of 9a on OGTT in HFD+ STZ-induced diabetic mice. (C-E) Effects of 9a on pathological changes of kidney in HFD+ STZ-induced diabetic mice (200×,

scale bar=100 μm). The white arrow indicates glomerular lesions and the blue arrow indicates tubulointerstitial lesions. Values are mean ± SD of 10 mice of each group in

panel C. ∗∗∗P < 0.001 vs. that of normal control group; # P < 0.05, ## P < 0.01, ### P < 0.01 vs. that of untreated diabetic mice.

Fig. 3. Effects of 9a on pathological changes of pancreas in HFD+ STZ-induced diabetic mice (200×, scale bar=100 μm). Typical images are presented panel A, in which a

blue arrow indicates the atrophy of islet. The scores of pathological changes are presented in panel B, in which values are mean ± SD of 10 mice in each group. ∗∗∗P < 0.001

vs. normal control group; # P < 0.05, ## P < 0.01 vs. untreated diabetic mice.

Meanwhile, the islets of the diabetic mice largely atrophied ac-

companied with structure disorder due to STZ injection (Fig. 3).

Compound 9a significantly improved the abnormalities of islets, in

a comparable efficacy to 1 in KK-Ay mice (Fig. 3) [8]. As the pos-

itive control, the efficacies of MET at 300 mg/kg were similar to

those of 9a at 100 mg/kg.

Next, the detailed anti-diabetic mechanism of 9a was explored.

First, the influence of 9a on glucose uptake was evaluated in L6

myotubes. As shown in Fig. 4A, at concentrations of 10, 20, and

40 μmol/L, 9a greatly stimulated the uptake of 2-DG, a glucose

analogue, to about 6.73 to 8.64-fold of DMSO-treated cells. Then,

cellular localization of glucose transporter 4 (GLUT4) was assayed

by immunofluorescence staining. As shown in Fig. 4B, GLUT4 pro-

tein (green) was mainly localized in cytoplasm in DMSO-treated

cells. After 9a treatment, the surface level of GLUT4 increased in

a concentration-dependent manner, indicating that it promoted

GLUT4 membrane translocation in L6 myotubes, similar to those

of MET. These results indicate that 9a increases glucose uptake

and GLUT4 membrane translocation in L6 myotubes.

In light of the crucial role of AMP-activated protein kinase

(AMPK) in GLUT4 membrane translocation [14,15], the stimulatory

effect of 9a upon AMPK was investigated in L6 myotubes, taking

MET as the positive control. As shown in Fig. S4A (Supporting in-

formation), compound 9a stimulated AMPKα phosphorylation in a

dose-dependent manner, as indicated by the significant increase of

p-AMPKα (Thr172) level after treatment, and the stimulatory ef-

ficacy of 9a at 40 μmol/L was comparable to that of MET at 5

mmol/L. In addition, the stimulatory effects of 9a on AMPKα phos-

phorylation were completely blocked by compound C, a selective

AMPK inhibitor, as shown in Fig. S4B (Supporting information).

Accordingly, the promoting activities of 9a on GLUT4 membrane

translocation (Fig. 5A) and 2-DG uptake (Fig. 5B) were also abol-
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Fig. 4. Effects of 9a on 2-DG uptake (A) and GLUT4 translocation (B). Values are ± SD of 4 repeated experiments, ∗∗∗P < 0.001 vs. DMSO-treated cells. GLUT4 membrane

translocation was determined by immunofluorescence assay (green) and DAPI was used to stain nucleus (blue). The white arrows indicate membrane localization of GLUT4

protein. One of 3 repeated experiments (×100) is presented in panel B.

Fig. 5. (A, B) Blocking effects of CC on GLUT4 translocation (×100) and 2-DG uptake. Values are mean ± SD of 4 repeated experiments, ∗∗∗P < 0.001 vs. DMSO-treated cells,
###P < 0.001 vs. cells treated with 9a alone. (C) Effects of 9a on AMP/ATP ratio. (D) Effects of 9a on mitochondria complex I activity. (E) Effects of 9a on OCR. (F) Effects of

9a on lactate release. For C-F, values are mean ± SD 3-4 repeated experiments. ∗P < 0.05, ∗∗P < 0.01 vs. DMSO-treated cells.

ished in the presence of compound C in L6 myotubes, similar to

that of MET. These results suggest that AMPKα is indispensable for

the stimulatory effects of 9a on glucose metabolism.

AMPK could be activated by the increase of AMP/ATP ratio or

upstream AMPK kinases (AMPKKs) [16,17]. First, the influence of

9a on AMP/ATP ratio was evaluated in L6 myotubes. It increased

AMP/ATP ratio in a dose-dependent manner, as disclosed in Fig.

5C. Mitochondrial complex I plays a crucial role in ATP production

[18,19], as anticipated, 9a suppressed mitochondrial complex I ac-

tivity dose-dependently (Fig. 5D). Accordingly, as shown in Figs. 5E

and F, it also decreased cell oxygen consumption rate (OCR), and

promoted cellular lactate release, in agreement of 1’s effects in our

earlier study [8].

Next, its influences on upstream AMPKKs, namely liver ki-

nase B1 (LKB1) and calcium/calmodulin-dependent protein kinase

(CaMKK) [17], were investigated. It greatly increased the phospho-

rylation level of LKB1 at Ser334 (Fig. S4A). In HeLa cells with LKB1-

deficency [20], its stimulation on AMPKα phosphorylation were

abolished (Fig. 6A). STO-609 (a CaMKK inhibitor) was used to eval-

uate the role of CaMKK in the AMPK-stimulating activity of 9a. As

shown in Fig. 6B, the stimulating activities of 9a, MET, as well as

ionomycin, an ionophore for calcium, on AMPKα phosphorylation

were totally blocked in the presence of STO-609. Therefore, 9a ac-

tivates AMPKα in a AMPKKs-dependent manner.

In summary, 35 tricyclic matrinic derivatives, of which 26 are

new, are synthesized and determined for their stimulation effects
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Fig. 6. (A) Effects of 9a on the phosphorylation of AMPKα in HeLa cells. (B) Blocking effect of STO-609 (STO) on AMPKα phosphorylation. Values are mean ± SD of 3

repeated experiments. ∗∗P < 0.01 vs. DMSO-treated cells, ##P < 0.01, ###P < 0.001 vs. same-treated cells without STO.

on glucose consumption in L6 myotubes, taking 1 as the lead. The

most potent compound 9a, with a highly druglike feature, effec-

tively lowers blood glucose and ameliorates diabetic nephropathy

and islet damage in HFD and STZ induced diabetic mice. Com-

pared to 1, it exerts comparable potencies on restoring serum in-

sulin level and improving glucose tolerance at a lower dosage. The

mechanism study indicates that compound 9a increases AMP/ATP

ratio through inhibiting mitochondrial complex I and affects LKB1

and CaMKK, which synergically induces AMPKα activation and suc-

cessively stimulates GLUT4 membrane translocation and 2-DG up-

take to accelerate glucose consumption. Our results suggest that

compound 9a may be a potential novel anti-diabetic candidate

with the advantage of multiple-target mechanism, worthy of fur-

ther investigation.
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