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Abstract

Background: Drug-induced gene expression dataset (for example Connectivity Map, CMap) represent a valuable
resource for drug-repurposing, a class of methods for identifying novel indications for approved drugs. Recently,
CMap-based methods have successfully applied to identifying drugs for a number of diseases. However, currently
few gene expression based methods are available for the repurposing of combined drugs. Increasing evidence has
shown that the combination of drugs may valid for novel indications.

Method: Here, for this purpose, we presented a simple CMap-based scoring system to predict novel indications for
the combination of two drugs. We then confirmed the effectiveness of the predicted drug combination in an ani-

mal model of type 2 diabetes.

treatment of type 2 diabetes.

provide helps for greatly extended the space of drugs.

Results: We applied the presented scoring system to type 2 diabetes and identified a candidate combination of
two drugs, Trolox C and Cytisine. Finally, we confirmed that the predicted combined drugs are effective for the

Conclusion: The presented scoring system represents one novel method for drug repurposing, which would

Introduction

Drug repurposing or drug repositioning, which aims to
find new therapeutic indications for approved drugs and
experimental drugs that fail approval in their initial indi-
cation, has offered several advantages over traditional
drug development including rescuing stalled pharma-
ceutical projects, finding therapies for neglected diseases
and reducing the time, cost and risk of drug develop-
ment [1,2]. During the past decade, a number of com-
putational strategies for drug repurposing have been
developed [1], including strategies based on the chem-
ical similarity of drugs [3], similarity of drug side effects
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[4], molecular activity similarity [5], and shared molecu-
lar pathology [6]. Among these strategies, the method
based on similarity of molecular activity generated from
global gene expression profiling now emerges as a pro-
mising approach for drug repurposing [5]. Based on the
premises of this technology, Connectivity Map (CMap)
provides a data-driven and systematic approach for identi-
fying associations among genes, drugs and disease. The
publicity funded CMap reference catalogue initially
contained profiles of 164 drugs and later expanded to
around ~1400 FDA-approved small molecules. Further-
more, a number of CMap-based computational methods
for drug repurposing have been developed and these
methods have been successfully applied to discover drugs
for a number of diseases [7-9]. For example, recently,
Sirota et al. integrated a new gene expression database
from 100 diseases and 164 drug compounds, yielding pre-
dicted novel therapeutic potentials for these drugs, such as
antiulcer drug cimetidine as a candidate therapeutic in the
treatment of lung adenocarcinoma [10].
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In addition to individual drugs, now it is well known
that drug combination may be used for novel indications
[11-13]. More importantly, the drug combination will
greatly extend the space of drugs but few computational
methods are available [14]. For this purpose, here we
presented a simple computational scoring system based
on CMap and the deregulated gene profile of a given
disease. We thus applied the presented scoring system
to identify combinations of any two drugs in CMap for
type 2 diabetes. Type 2 diabetes, a chronic metabolic
disorder, has a strong effect on the quality of almost all
aspects of life including health, social, and psychology.
Generally, current therapeutic strategies for type 2
diabetes mainly involve insulin and four main classes
of oral antidiabetic agents that stimulate pancreatic
insulin secretion (sulphonylureas and rapid-acting secreta-
gogues), reduce hepatic glucose production (biguanides),
delay digestion and absorption of intestinal carbohydrate
(a-glucosidase inhibitors) or improve insulin action
(TZDs) [15]. However, each of the above agents is lack
of effectiveness and suffers from a number of serious
adverse effects. Due to complex molecular networks
among biological systems and complicated interactions
between genetic and environmental factors, new thera-
peutic agents or strategies are required for the treatment
of type 2 diabetes. Finally, we identified a combination
of Trolox C and Cytisine and confirmed that the pre-
dicted combination is effective for the treatment of type
2 diabetes.

Materials and methods

The CMap-based two-drug combination re-repurposing
computational scoring system

As shown in Figure 1, in this scoring system, we first
identified the up/down regulated genes in a given dis-
ease, respectively. We then screened each drug in the
CMap to identify drug induced up/down regulated
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genes. We next counted the number of genes dere-
gulated in the disease that are reversed by each drug.
Finally, we systematically evaluate the significance of
any pair of drugs that reverse the disease genes. For
example, for a given disease, drug one significantly
reversed mI of the deregulated genes and induced the
same deregulation of nl of the deregulated genes.
These numbers for drug two is m2 and n2. We take the
product (mlI-nl) x (m2-n2) as the score to evaluate the
significance of the drug combination for the disease.
A higher score represents a greater significance of the
drug combination to reverse the deregulated genes in
the disease.

The deregulated genes

In this study, we took type 2 diabetes as an example to
apply the presented scoring system. The up and down
regulated genes in type 2 diabetes were obtained from
the ArrayExpress database (http://www.ebi.ac.ulk/array-
express/). As a result, we got 185 upregulated genes and
278 downregulated genes in type 2 diabetes, respectively
(Additional file 1). We obtained the deregulated genes
induced by drugs from the CMap database (http://www.
broadinstitute.org/cmap/). The numbers of m1, ni1, m2,
and 72 were calculated by in-house java and R programs.

Animals and induction of diabetes mice

Three-week-old ICR male mice were purchased from
Peking University Health Science Center (Beijing, China).
Mice were accommodated under standard conditions (temp.
21 +2°C, 12:12 light—dark cycle, lights on at 7:00 a.m.) with
food and water available ad libitum. After one-week
rest, mice were treated four weeks on high fat diet
(HFD). Experimental diabetes mice were induced after-
wards by five daily injections of freshly prepared Strep-
tozotocin (STZ) (40 mg/kg, i.p.) dissolved in 100 mM
sodium acetate buffer (pH 4.5), while normal mice were

Deregulated genes
of a given disease

Deregulated genes
induced by drugs in CMap
Drug1 Drug2 Drug3 Drug4
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Figure 1 A scheme of the scoring system for computational drug-repurposing of combined drugs.
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injected with vehicle (sodium acetate buffer), all of them
continued on the HFD. The HF/STZ model used in our
experiment is that mice are fed with HF diet to induce
insulin resistance followed by injection with STZ to induce
partial pancreatic beta cell dysfunction. It is a popular
T2DM model. Diabetes was assessed by monitoring blood
glucose levels in fasted mice one week after STZ injection.
The ones with blood glucose levels above 16.7 mM were
considered diabetic and used in this study.

Design of animal experiments

To explore the hypoglycemic activity of drugs, experiment
was conducted on normal and diabetic mice, which were
maintained on the same HFD. Normal mice were injected
with saline (group NS), while diabetic mice were randomly
assigned to one of the five groups including saline
(group SS), insulin (group SI), Trolox C (group ST),
Cytisine (group SC) and combination of Trolox C and
Cytisine (group STC). Each group contains 10-14
mice. Cytisine (1 mg/kg, i.p., Sigma Aldrich) and Trolox C
(50 mg/kg, ip., Sigma Aldrich) were freshly diluted in
phosphate buffered saline (pH 7.1) from stock solutions.
Saline and drugs were administrated intraperitoneally
every day (between 9 and 11 a.m.) for the entire four-week
period. Body weight and fasting blood from mouse tails
were measured before (pretreatment) drug administration
and 1-4 weeks after drug or saline administration,
respectively. An intraperitoneal glucose tolerance test
(IPGTT) was conducted by intraperitoneal injection of
a 20% glucose solution with the dose of 2 g kg™' body
weight. Both IPGTT and total area under the curve
(AUC) were measured every two weeks. This study had
been approved by the Animal Care Committee of the
Peking University Health Science Center and all animal
experiments were performed in compliance with the
“Guidelines for Animal Experiment”.

Statistical analysis

Data are shown as means + standard error. Statistical
analysis was performed by one-way ANOVA followed by
a Tukey’s test and two-way ANOVA using Bonferroni’s
test and t test. A p value less than 5% was considered
significant (P < 0.05).

Results

Identifying candidate combinations of drugs for the
treatment of type 2 diabetes

We applied the presented scoring system to scan the
~1400 drugs in CMap for type 2 diabetes. As a result,
the predicted top ten candidate combinations of drugs
are listed in Table 1. We next play to select one candi-
date combination for further animal experiments. One
key rule of the selection is that none of the two com-
bined drugs is reported to be associated diabetes. As a
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Table 1 The predicted top ten combinations of drugs for
the treatment of type 2 diabetes

Drug 1 Drug 2 ml n1 m2 n2 Score
Trifluridine Trolox C 22 8 61 24 518
Thiethylperazine  Trolox C 17 6 63 17 506
Cytisine Trolox C 15 6 60 8 468
Cytisine Ozagrel 23 8 48 20 420
Prenylamine Thiethylperazine 17 1 42 16 416
Paclitaxel Trolox C 12 4 61 10 408
Vinburnine Trolox C 18 4 53 24 406
Ozagrel Paclitaxel 22 7 47 20 405
Cytisine Vancomycin 18 7 59 23 39
Valproic acid Trifluridine 20 9 60 24 396

m1-the number of reversed genes by drug 1.

n1-the number of genes induced to the same deregulation as type 2 diabetes
by drug 1.

M2-the number of reversed genes by drug 2.

n2-the number of genes induced to the same deregulation as type 2 diabetes
by drug 2.

result, we selected the combination of Trolox C and
Cytosine as the candidate drug combination for further
animal experiment. One reason for selecting this com-
bination is that none of the two drugs are reported to
be associated with diabetes. Moreover, we manually
mined information about the two drugs. Trolox C, one
of vitamin E analogs, potentially offers significant
advantages of anti-oxidation. With the ability of both
aqueous and lipid solubility, of which aqueous solubil-
ity allows delivery to the target and lipid solubility
enhances uptake by cell membranes, its antioxidant
capacity is preserved and, in fact, appears to rival that
of vitamin E. Investigations have suggested that Trolox
C may permit myocardial salvage from acute myo-
cardial ischemic injury [16], reduce the incidence of
coronary artery disease [17], mitigate the toxic effects
of several compounds in animal models [18], and pro-
tect muscle against disuse [19]. Cytisine, a natural plant
alkaloid, has been marketed in Central and Eastern
Europe as Tabex® for over 40 years for the clinical man-
agement of smoking cessation [20]. Numerous studies
illustrate that Cytisine may have a more complex
pharmacological function. As an acetylcholine agonist,
Cytisine’s affinity for other nicotinic receptor subtypes,
such as a4f4- or a6-containing subunits is or may be
greater than or equal to its affinity for a4f2 subunits
[21]. Based on our understanding towards Cytisine’s
pharmacological function and its affinity to nicotinic
receptors, this drug appears to have potential ability in
treating other diseases, singly or in combination with
other drugs. Therefore, here we select the combination
of Trolox C and Cytisine for further animal experiment to
evaluate its effectiveness for type 2 diabetes treatment.
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Combination of Trolox C and Cytisine does not affect
body weight in diabetic mice

Body weight was assessed on all six groups before drug
administration and 1-4 weeks after drug or saline
administration, respectively. There were no differences
in base line body weight among groups at the begin-
ning of experiment (pretreatment). Over the course of
study, weight gain was observed in non-STZ-treated
mice, while groups of STZ-treated mice showed no
variation, this significant differences were recorded
from 2w (Figure 2). The T2DM mice treated with the
combination of Trolox C and Cytisine had similar body
weight compared with the other groups of STZ-treated
mice.

Combination of Trolox C and Cytisine reverses diabetes in
diabetic mice

Consecutive five daily injection of STZ 40 mg/kg to nor-
mal mice significantly increased blood glucose levels from
7.06 +0.54 mM (NS, pretreatment) to 20.69 + 147 mM
(SS, pretreatment) after 7 days (P <0.001), continued
increasing to 22.53 + 1.85 mM after14 days (SS, 1 week)
(P <0.001), and kept constantly high (SS, 2w, 3w, 4 w)
(Figure 3a). Other STZ-treated groups of ST, SC and
STC displayed similar trend. The hyperglycemic effect
on mice showed the successful development of type 2
diabetes.

Intraperitoneal injection of Trolox C to diabetic mice
had no effect on fasting blood glucose levels (ST, 1w,
2w, 3w, 4w). Similar results were obtained with Cytisine
injection (SC, 1w, 2w, 3w, 4w). While no effect of Cyti-
sine or Trolox C alone, combination of the two drugs
significantly reduced the level of STZ-induced hypergly-
cemia from 3w, as compared with saline- treated STZ
mice (P <0.01 in 3w, P <0.001 in 4w). Co-treated mice
showed less fasting glucose levels than Trolox C treated
mice in 4 weeks (P <0.01) and Cytisine treated mice in
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3w and 4w (P < 0.01). Diabetic mice treated with insulin,
as a positive control, showed obvious decreased glucose
levels in all four weeks, as compared to other STZ-
induced groups, and the reduction was significant in 4w
compared NS mice (P < 0.05) (Figure 3a).

Cytisine and Trolox C were also evaluated for intra-
peritoneal glucose tolerance (IPGTT) and total area
under the curve (AUC) for glucose tolerance. As shown
in Figure 3b, groups of SS, SC and ST displayed charac-
teristic diabetic curves in 2w and 4w, where the blood
glucose levels at 120 min were significantly higher than
at 0 min (P<0.01, P<0.001). The SCT group showed
similar difference in 2w (P < 0.05). The 120-min glucose
levels of NS group and SI group in 2w and 4w, as well
as SCT group in 4w were not different from those at
0 min. These three groups also showed significantly
differences between SS group at 120 min. AS for the
AUC, there was a reduced amount for mice of the STC
group in 2w and 4w, as compared with the groups of SS,
ST and SC (P<0.01, P<0.001). No difference was ob-
served between groups of SS and ST, or groups of SS and
SC (Figure 3c). All these demonstrated a partially allevi-
ation of combination of Cytisine and Trolox C on glucose
tolerance.

Conclusions

Combinations of approved drugs could have novel uses.
This strategy represents one class of novel methods for
drug-repurposing. Here based on disease transcriptome
and CMap-based drug-induced transcriptome, we pre-
sented a computational drug-repurposing scoring sys-
tem to identify potential drug combinations for one
given disease. We then applied this scoring system to
type 2 diabetes, one severe metabolic disease. We iden-
tified the combination of Trolox C and Cytisine has the
potential to treat type 2 diabetes, although none of
them was reported to have the ability of treating type 2
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diabetes. Finally, we confirmed that the predicted com-
bination is effective to treat type 2 diabetes but none of
them alone has the effectiveness. The presented scoring
system provides an alternative solution to finding novel
indications for approved drugs. Moreover, the identi-
fied combination of Trolox C and Cytisine provides a
novel potential drug for type 2 diabetes.

Discussion
In the present study, we presented a computational drug-
repurposing scoring system to identify potential drug

combinations for a given disease. Using this scoring system,
we predicted drug combinations that could be used for
treat type 2 diabetes. Finally, we select the combination of
Trolox C and Cytisine for animal experiment. The result
showed that the combination of Trolox C and Ciytisine is
effective for the treatment of type 2 diabetes but none of
them are effective when being used alone. These results
suggest that the presented method could provide helps in
discovering drug combinations for a given disease.

Of course, limitations exist in the current study. One
limitation is that the current computational method is
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not able to identify the optimal fractions of the two
combined drugs. However, the fractions of the two
drugs could play critical roles in their efficiency for
treating disease. Second, some genomic information is
not considered in this method. It is believed that some
genomic information could be important for the drug-
repurposing, for example, the importance of genes.
The third limitation is that the changed expression fold
of the deregulated genes is not considered in the
current method. The current method is qualitative as
it does not consider the extent of de-regulation and
no significance was evaluated by statistical test. In
addition, a random sampling technique would improve
the prediction accuracy [22]. Therefore, in the future we
would improve the CMap based computational methods
for the identification of drug combination by consider-
ing the above limitations. However, it should be noted
that the animal model of type 2 diabetes may not ideally
mimic the procedure of human type 2 diabetes. There-
fore, to further confirm and validate the hypoglycaemic
effects of the combination of Trolox C and Cytisine in
other type 2 diabetes animal models such as db/db
mice, high-fat-diet-induced diabetic mice and rats, and
OLETF rats will strengthen our observations that the
combination of these two drugs may have some po-
tential in treatment of human type 2 diabetes. Finally,
although problems exist in the current method, we
believed it present a simple and valuable alternative
solution for drug-repurposing and would greatly extend
the space of drugs.
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genes in type 2 diabetes.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

QC, ZL, and HT designed the study. LJ carried out most of the animal
experiments. JT carried out the computer programming. JJ and WA
participated in the animal experiments. LJ, QC, and ZL wrote the manuscript.
All authors read and approved the final manuscript.

Acknowledgement
This study was supported by the Natural Science Foundation of China
(No. 91339106).

Author details

'Department of Pharmacology, Peking University Health Science Center,
Beijing 100191, China. “State Key Laboratory of Natural and Biomimetic
Drugs, Peking University Health Science Center, Beijing 100191, China.
3Department of Electrocardiogram, Beijing Jishuitan Hospital, Beijing 100035,
China. *Department of Biomedical Informatics, Peking University Health
Science Center, Beijing 100191, China. “Department of Integrated Chinese
and Western Medicine, Peking University Health Science Center, Beijing
100191, China.

Page 6 of 7

Received: 15 March 2014 Accepted: 27 May 2014
Published: 31 May 2014

Reference

1. Dudley JT, Deshpande T, Butte AJ: Exploiting drug-disease
relationships for computational drug repositioning. Brief Bioinform
2011, 12:303-311.

2. Swamidass SJ: Mining small-molecule screens to repurpose drugs.

Brief Bioinform 2011, 12:327-335.

3. Keiser MJ, Setola V, Irwin JJ, Laggner C, Abbas Al, Hufeisen SJ, Jensen NH,
Kuijer MB, Matos RC, Tran TB, Whaley R, Glennon RA, Hert J, Thomas KL,
Edwards DD, Shoichet BK, Roth BL: Predicting new molecular targets for
known drugs. Nature 2009, 462:175-181.

4. Campillos M, Kuhn M, Gavin AC, Jensen LJ, Bork P: Drug target identification
using side-effect similarity. Science 2008, 321:263-266.

5. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, Lerner J,
Brunet JP, Subramanian A, Ross KN, Reich M, Hieronymus H, Wei G,
Armstrong SA, Haggarty SJ, Clemons PA, Wei R, Carr SA, Lander ES,

Golub TR: The Connectivity Map: using gene-expression signatures
to connect small molecules, genes, and disease. Science 2006,
313:1929-1935.

6. LiY, Agarwal P: A pathway-based view of human diseases and disease
relationships. PLoS One 2009, 4:e4346.

7. Carrella D, Napolitano F, Rispoli R, Miglietta M, Carissimo A, Cutillo L, Sirci F,
Gregoretti F, Di Bernardo D: Mantra 2.0: an online collaborative resource
for drug mode of action and repurposing by network analysis.
Bioinformatics 2014, [Epub ahead of print].

8. TanF, Yang R Xu X, Chen X, Wang Y, Ma H, Liu X, Wu X, Chen Y, Liu L,

Jia X: Drug repositioning by applying ‘expression profiles’ generated by
integrating chemical structure similarity and gene semantic similarity.
Mol Biosyst 2014, 10:1126-1138.

9. Rung J, Brazma A: Reuse of public genome-wide gene expression data.
Nat Rev Genet 2012, 14:89-99.

10. Sirota M, Dudley JT, Kim J, Chiang AP, Morgan AA, Sweet-Cordero A,
Sage J, Butte AJ: Discovery and preclinical validation of drug indications
using compendia of public gene expression data. Sci Trans/ Med 2011,
3:96ra77.

11. LiuY, Hu B, Fu C, Chen X: DCDB: drug combination database.
Bioinformatics 2009, 26:587-588.

12.  Pritchard JR, Bruno PM, Gilbert LA, Capron KL, Lauffenburger DA, Hemann
MT: Defining principles of combination drug mechanisms of action.
Proc Natl Acad Sci U S A 2012, 110:E170-179.

13. Zhao J, Zhang XS, Zhang S: Predicting cooperative drug effects through
the quantitative cellular profiling of response to individual drugs.

CPT Pharmacometrics Syst Pharmacol 2014, 3:2102.

14. Chen X, Ren B, Chen M, Liu MX, Ren W, Wang QX, Zhang LX, Yan GY:
ASDCD: antifungal synergistic drug combination database. PLoS One
2014, 9:286499.

15. Wendy L, Bennett NMM, Sonal S, Segal JB, Wilson LM, Ranee C,
Marinopoulos SS, Puhan MA, Padmini R, Lauren B, Nicholson WK, Susan H,
Bass EB, Shari B: Comparative effectiveness and safety of medications
for type 2 diabetes: an update including new drugs and 2-drug
combinations. Ann Intern Med 2011, 154:12.

16.  Mickle DA, Weisel RD: Future directions of vitamin E and its analogues in
minimizing myocardial ischemia-reperfusion injury. Can J Cardiol 1993,
9:89-93.

17. Stephens NG, Parsons A, Schofield PM, Kelly F, Cheeseman K, Mitchinson
MJ: Randomised controlled trial of vitamin E in patients with coronary
disease: Cambridge Heart Antioxidant Study (CHAOS). Lancet 1996,
347:781-786.

18. Knockaert L, Berson A, Ribault C, Prost PE, Fautrel A, Pajaud J, Lepage S,
Lucas-Clerc C, Begue JM, Fromenty B, Robin MA: Carbon tetrachloride-
mediated lipid peroxidation induces early mitochondrial alterations in
mouse liver. Lab Invest 2011, 92:396-410.

19. Desaphy JF, Pierno S, Liantonio A, Giannuzzi V, Digennaro C, Dinardo MM,
Camerino GM, Ricciuti P, Brocca L, Pellegrino MA, Bottinelli R, Camerino DC:
Antioxidant treatment of hindlimb-unloaded mouse counteracts fiber
type transition but not atrophy of disused muscles. Pharmacol Res 2010,
61:553-563.

20. Etter JF, Stapleton JA: Nicotine replacement therapy for long-term smok-
ing cessation: a meta-analysis. Tob Control 2006, 15:280-285.


http://www.biomedcentral.com/content/supplementary/1479-5876-12-153-S1.txt

Jin et al. Journal of Translational Medicine 2014, 12:153 Page 7 of 7
http://www.translational-medicine.com/content/12/1/153

21. Marks MJ, Whiteaker P, Collins AC: Deletion of the alpha7, beta2, or
beta4 nicotinic receptor subunit genes identifies highly expressed
subtypes with relatively low affinity for [3H]epibatidine. Mo/
Pharmacol 2006, 70:947-959.

22. LiJ, Lenferink AE, Deng Y, Collins C, Cui Q, Purisima EO, O'Connor-McCourt
MD, Wang E: Identification of high-quality cancer prognostic markers and
metastasis network modules. Nat Commun 2010, 1:34.

doi:10.1186/1479-5876-12-153

Cite this article as: Jin et al: Drug-repurposing identified the
combination of Trolox C and Cytisine for the treatment of type 2
diabetes. Journal of Translational Medicine 2014 12:153.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Method
	Results
	Conclusion

	Introduction
	Materials and methods
	The CMap-based two-drug combination re-repurposing computational scoring system
	The deregulated genes
	Animals and induction of diabetes mice
	Design of animal experiments
	Statistical analysis

	Results
	Identifying candidate combinations of drugs for the treatment of type 2 diabetes
	Combination of Trolox C and Cytisine does not affect body weight in diabetic mice
	Combination of Trolox C and Cytisine reverses diabetes in diabetic mice

	Conclusions
	Discussion
	Additional file
	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	Reference

