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Hyperglycemia during hyper-CVAD chemotherapy is associated with poor outcomes of acute lymphoblastic leukemia
(ALL) (Cancer 2004; 100:1179-85). The optimal clinical strategy to manage hyperglycemia during hyper-CVAD is
unclear. To examine whether anti-diabetic pharmacotherapy can influence chemosensitivity of ALL cells, we examined
the impacts of different anti-diabetic agents on ALL cell lines and patient samples. Pharmacologically achievable
concentrations of insulin, aspart and glargine significantly increased the number of ALL cells and aspart and glargine did
so at lower concentrations than human insulin. In contrast, metformin and rosiglitazone significantly decreased the cell
number. Human insulin and analogs activated AKT/mTOR signaling and stimulated ALL cell proliferation (as measured
by flow cytometric methods), but metformin and rosiglitazone blocked AKT/mTOR signaling and inhibited proliferation.
Metformin 500 wM and rosiglitazone 10 wM were found to sensitize Reh cells to daunorubicin, while aspart, glargine
and human insulin (all at 1.25 mIU/L) enhanced chemoresistance. Metformin and rosiglitazone enhanced daunorubicin-
induced apoptosis, while insulin, aspart and glargine antagonized daunorubicin-induced apoptosis. In addition,
metformin increased etoposide-induced and L-asparaginase-induced apoptosis; rosiglitazone increased etoposide-
induced and vincristine-induced apoptosis. In conclusion, our results suggest that use of insulins to control hyperglycemia
in ALL patients may contribute to anthracycline chemoresistance, while metformin and thiazolidinediones may improve
chemosensitivity to anthracycline as well as other chemotherapy drugs through their different impacts on AKT/mTOR
signaling in leukemic cells. Our data suggest that the choice of anti-diabetic pharmacotherapy during chemotherapy

may influence clinical outcomes in ALL.

Introduction

Epidemiologic data suggest important roles of type 2 diabe-
tes mellitus (DM2) in carcinogenesis' and cancer prognosis.’
The hyper-CVAD regimen (fractionated cyclophosphamide,
vincristine, doxorubicin and dexamethasone alternating with
methotrexate and high-dose cytarabine) is currently a standard
treatment for acute lymphocytic leukemia (ALL), Burkitt lym-
phoma (BL) and lymphoblastic lymphoma (LL).® This regimen,
which includes high-dose dexamethasone and methylpredniso-
lone, frequently leads to hyperglycemia. Our retrospective study
of 278 adult patients with previously untreated ALL who achieved
a complete response with hyper-CVAD showed that hypergly-
cemia (glucose = 200 mg/dL on = 2 determinations) occurred

in up to 37% of patients during induction chemotherapy.”
Hyperglycemic patients had shorter median complete remission
duration (CRD) (24 vs. 52 mo, p = 0.001) and a shorter median
survival (29 vs. 88 mo, p < 0.001) than non-hyperglycemic (glu-
cose = 200 mg/dL on < 2 determinations) patients.” When con-
trolled for predictors of ALL outcomes in multivariate analysis,
hyperglycemia was an independent factor for early relapse and
mortality; patients with hyperglycemia were 1.57 times more
likely to relapse and 1.71 times more likely to die than those
without hyperglycemia.”

Mean fasting glucose > 6.25 mM (> 112.5 mg/dL) is associ-
ated with significant increase in cancer death.® There are mul-
tiple reasons or mechanisms that can lead to the association of
hyperglycemia with increased cancer deaths. Deregulated energy
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Table 1. Clinical characteristic of acute lymphoblastic leukemia patients who donated cell samples for in vitro analysis

Sex/Age WBC counts o
pt # o FAB category Sample (10°1L) Blast (%)
1 F/8 ALL-L2 PB 44 73
2 F/3.5 ALL-L2 BM 16.5 96
3 M/11 ALL-L2 PB 216.45 90.1
4 M/3 ALL-L1 PB 110 90
5 F/6 ALL PB 4.7 75
6 M/15 ALL PB 61.27 92.5
7 F/42 ALL PB 1.27 8
8 M/11 ALL-L2 BM 99.12 58
9 M/15 ALL-L2 BM 210 84

Treatment status at

Genetic abnormalities el aEl
BCR/ABL t(Q;ZZ)ML,I;et;L 1tci4V2e3)TEL/AML1t(12;21) e —
BCR/ABL t(9;22) untreated
BCR/ABL t(9;22)72%/MLL negative untreated
SHGTMLNEIE g
TEL/AML1 t(12;21)40% untreated
none detected untreated
FISH BCR-ABL(-) untreated
none detected untreated
none detected untreated

F, female; M, male; PB, peripheral blood; BM, bone marrow; FISH, fluorescent in situ hybridization.

metabolism is a hallmark of cancer,” and use of glycolysis to gener-
ate the cancer cell’s energy need from glucose is a major character-
istic described by Warburg.!” Cancer cells often have coordinated
upregulation of hypoxia-induced factor-1 (HIF-1) and Myc and
downregulation of tumor suppressor p53 to result in an increase
in flux through the glycolytic pathway." In the context of insu-
lin resistance in obesity and DM2, elevated circulating insulin
and insulin-like growth factors (IGF) will stimulate the AKT
signaling pathway, which will lead to downstream upregulation
of HIF-1a and Myc and downregulation of p53, and this coor-
dinated downstream regulation will lead to increased glycolytic
flux. This increased glycolytic flux confers the avidity of glucose
uptake by malignant cells, and hyperglycemia will translate into
an abundance of fuel for the malignant cells and the ability to
tolerate hypoxia, radiation and chemotherapy.

Our recent experimental data show that high levels of insulin
and glucose promote cancer cell growth in vitro."? The American
Diabetic Association and American Cancer Society have issued
a consensus statement that the possible mechanisms for a direct
link between cancer and DM2 are hyperinsulinemia, hyper-
glycemia and inflammation.”® The evidence for specific drugs
affecting cancer risk is limited, and observed associations may
have been confounded by indications for specific drugs, effects
on other cancer risk factors, such as body weight and hyperin-
sulinemia, and the complex progressive nature of hyperglycemia
and pharmacotherapy in DM2. The consensus states that cancer
risk should not be a major factor when choosing between avail-
able diabetes therapies for the average patient.

A DM2 patient also diagnosed with cancer is not the “average”
patient. In the context of the adverse impact of hyperglycemia on
the clinical outcomes of ALL patients undergoing hyper-CVAD
chemotherapy, the issue of the choice of pharmacotherapy for
hyperglycemia in these patients already diagnosed with a malig-
nant neoplastic disease is distinct from the issues addressed in the
consensus statement.”” Our recent investigation into the impact
of anti-diabetic medications on various cancer cell lines found
that biguanides and thiazolidinediones inhibited cancer cells.”?
We hypothesize that biguanides and thiazolidinediones can
perturb the AKT/mTOR signaling pathway in different ways,

www.landesbioscience.com

Cell Cycle

resulting in differences in leukemic cell proliferation, apopto-
sis and chemosensitivity. Therefore, we conducted laboratory
studies with ALL cell lines and primary leukemic cell samples
of ALL patients to examine the impacts of different classes of
anti-diabetic pharmacotherapy on ALL cells and their intracel-
lular signaling mechanisms and to ascertain what class(es) of
anti-diabetic drugs may be beneficial for the clinical outcomes of
hyperglycemic ALL patients.

Results

Insulin stimulated, while metformin and rosiglitazone inhib-
ited, ALL cells. Using human ALL cell lines and primary patient
samples (Table 1), we investigated the impact of anti-diabetic
medications on leukemic cell proliferation. First, we examined
the impact of human regular insulin, aspart and glargine on the
number of live ALL cells in culture. Reh and Nalm-6 cells were
incubated in control media without insulins, human regular insu-
lin, aspart and glargine ac 80 mIU/L for 72 h, and then the cells
were dispersed by trypsin and EDTA treatment for counting the
number of trypan blue dye-excluding cells using a hemocytome-
ter. Glargine significantly (p = 0.010; one-way ANOVA, post-hoc
Dunnett T3 test) increased the number of live Reh leukemic cells
from (8.656 + 1.313) x 10°/ml (mean + 95% confidence interval)
to (10.688 = 1.034) x 10°/ml; aspart also significantly (p = 0.019)
increased it to (10.500 = 0.779) x 10°/ml. There were (9.813 *
1.475) x 10°/ml live cells in the human regular insulin group,
but the difference was not statistically significant (p = 0.177).
Similarly, glargine significantly (p = 0.011) increased the number
of live Nalm-6 leukemic cells from (15.625 + 1.852) x 10°/ml
(mean +95% confidence interval) to (17.813 + 1.107) x 10°/ml;
aspart also significantly (p = 0.050) increased it to (17.313 +
0.526) x 10°/ml. There were (16.781 + 1.262) x 10°/ml live cells
in the human regular insulin group, but the difference was not
statistically significant (p = 0.228).

Further investigation showed that human insulin, glargine
and aspart dose-dependently increased the number of live ALL
1416 compared with ALL
cells cultured without insulin and insulin analogs (Fig. 1A).

cells as measured by the MTS assay
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Figure 1. Differential effects of diabetes medications on leukemic cell proliferation. (A) The cell viability was measured by the MTS assay. The cell via-
bility relative to the control samples was plotted against the concentration of human insulin (red), glargine (green) or aspart (blue). Insulin and analogs
increased the number of live ALL cells. Glargine and aspart stimulated ALL cells more than human insulin at equal IU concentrations (i.e., equi-hypo-
glycemic). (B) The viability relative to control was measured as in (A). Representative log-dose response curves are shown. Metformin inhibited ALL
cell lines and primary patient samples (see color key). (C) Similar to (B), representative log-dose response curves demonstrating the inhibitory effect of
rosiglitazone are shown (see color key for ALL cell lines and primary patient samples). (D) Reh and Nalm-6 cells were incubated for 2 and 4 d, respec-
tively, with insulin (5 mIU/L, red bar), aspart (0.6 mIU/L, blue bar) or glargine (0.2 mIU/L, green bar), and a Coulter counter was used to count cells. Error
bars represent 95% confidence intervals (n = 4). p-values (one-way ANOVA, post-hoc intergroup comparisons) indicate significant increases in the cell
number relative to control (white bar). (E) Reh cells were treated for 4 d with metformin (71 M, blue bar) or rosiglitazone (11 wM, yellow bar). Nalm-6
cells were treated for 6 d with metformin (32 wM, blue bar) or rosiglitazone (4 M, yellow bar). Cell numbers were counted using a Coulter counter.
Error bars represent 95% confidence intervals (n = 4). p-values (one-way ANOVA, post-hoc intergroup comparisons) indicate significant decreases in
the cell number relative to control (white bar).
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Table 2. Concentrations of insulin and insulin analogs that can increase leukemic cells by 5% in 3 d

Sample
Reh
Cell lines Nalm-6
Raji
CCRF-CEM
Median
Mean
Patient 1
Patient 2
Patient 3
Patient samples Patient 4
Patient 5
Patient 6
Patient 7
Median
Mean

Mann-Whitney U test (Cell Lines vs. Patient Samples)

Kruskal-Wallis One-Way ANOVA on Ranks (Regular Insulin vs. Aspart vs. Glargine),

Post-Hoc Comparison vs. Regular Insulin—Dunnett T3 test

*Bonferroni’s adjustment: Lower the 0.05 to 0.0167.

Four ALL cell lines (Reh, Nalm-6, Raji and CCRF-CEM) and
seven consecutive primary leukemic cell samples of ALL patients
(patients 1 to 7) were evaluated. Representative log-dose response
curves (Reh, Nalm-6 and patient 1) are shown (Fig. 1A), and the
curves for Raji, CCRF-CEM and patients 2 to 7 are qualitatively
similar (Fig. S1). Assuming that the burden of malignant cells
can be estimated by compounding the percentage increase in
cells every 3 d, chronic exposure for a month to a concentration
of insulin or analogs that increases the cells by 5% over 3 d will
result in a 62.9% increase in tumor burden [i.e., (1.05)'° = 1.629].
Based on the sigmoidal log-dose response curve, the concentra-
tions that increased leukemia cells by 5% over 3 d for regular
insulin, aspart and glargine for ALL cell lines and patient sam-
ples tested are reported in Table 2. The mean concentrations
that increased leukemic cells by 5% in 3 d were not significantly
[p > 0.0167 (Bonferroni correction for multiple comparison)] dif-
ferent between cell lines and primary samples for regular insulin,
aspart and glargine. Combining the data from cell lines and pri-
mary samples for analysis, the concentration of glargine is sig-
nificantly lower than that of regular insulin (one-way ANOVA
on ranks, post-hoc intergroup comparison using Dunnett T3
test; p = 0.015). A concentration of 50 mIU/L is two times the
upper limit of normal fasting serum insulin level, and this con-
centration is reachable pharmacologically” in insulin-resistant
patients as well. At 50 mIU/L, the mean relative increase of leu-
kemic cells in 3 d was not significantly [p > 0.0167 (Bonferroni
correction for multiple comparison)] different between cell lines
and primary samples for regular insulin and aspart. Primary
samples were increased by glargine to a higher proportion than
cell lines (p = 0.006). Combining the data from cell lines and
primary samples for analysis, the leukemic cells were increased by
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Regular insulin (mIU/L)  Aspart (mlU/L) Glargine (mIU/L)

4.861 0.635 0.228
1.493 0.551 0.219
1.367 0.298 0.144
1.542 0.495 0.0828
1.518 0.523 0.181
2.316 0.495 0.168
1.069 1.698 0.454
0.771 1.332 0911
1.367 0.298 0.144
0.581 0.783 0.234
3.071 0.821 0.305
1.272 0.160 0.0876
0.480 0.131 0.0701
1.069 0.783 0.234
1.230 0.764 0.315
p = 0.042* p=0.648 p =0.412
p =0.097 p =0.015

aspart and glargine to a significant degree (one-way ANOVA on
ranks, post-hoc intergroup comparison using Dunnett T3 test;
p < 0.001 and p < 0.001, respectively) higher proportion than
that by regular insulin (Table 3). Therefore, insulin analogs
aspart and glargine stimulated proliferation of leukemic cells to
significantly higher degrees than human regular insulin at phar-
macologically relevant concentrations.

In contrast, exposure to metformin (Fig. 1B) or rosiglitazone
(Fig. 1C) decreased the number of live ALL cells in a dose-depen-
dent manner in the ALL cells (data for Reh, Nalm-6, patient 1 and
patient 2 are shown in Fig. 1B and C; data for Raji, CCRF-CEM,
patient 4, patient 8 and patient 9 are shown in Fig. S2A and B).
Assuming that the burden of malignant cells can be estimated by
compounding the percentage decrease in cells every 3 d, chronic
exposure for a month to a concentration of insulin or analogs that
increases the cells by 5% over 3 d will result in a 40% decrease
in tumor burden [i.e., (0.95) = 0.599]. Based on the sigmoi-
dal log-dose response curve, the concentration that decreases the
leukemia cells by 5% over 3 d for metformin and rosiglitazone
for the four cell lines as above and patientsl, 2, 4, 8 and 9 are
reported in Table 4. These patient samples were used, because
cells of less than six passages from patients 3, 5, 6 and 7 were
used up, and patients 8 and 9 were recruited. The median con-
centration of metformin that decreased leukemic cells by 5% in
3 d was 32.1 pM (range: 10.8-70.6); for rosiglitazone, it was
16.2 wM (range: 2.68—40.1). Therefore, metformin and rosigli-
tazone inhibited proliferation of leukemic cells at pharmacologi-
cally relevant concentrations.'®"

We next experimentally evaluated and confirmed that the con-
centrations of insulin and insulin analogs estimated in Table 2 sig-
nificantly increased the number of cultured ALL cells. Based on
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Table 3. Mean ratio of viable cells treated with insulin and insulin analogs at 50 mIU/L (2 x upper limit of normal fasting serum insulin level for most

laboratories) for 72 h relative to control

Sample Regular insulin Aspart Glargine
Reh 1.110 1.296 1.325
T Nalm-6 1121 1.319 1.329
Raji 1.106 1.180 1.210
CCRF-CEM 1.094 1.128 1.226
Median 1.108 1.238 1.276
Mean 1.108 1.231 1.273
Patient 1 1.127 1.294 1.347
Patient 2 1.128 1.298 1.339
Patient 3 1.154 1.257 1.347
Patient Samples Patient 4 1.098 1.292 1.379
Patient 5 1.101 1.324 1.378
Patient 6 1.116 1.291 1.329
Patient 7 1.119 1.147 1.339
Median 1.119 1.292 1.347
Mean 1.120 1.272 1.351
Mann-Whitney U test (Cell Lines vs. Patient Samples) p=0.315 p=0.788 p = 0.006*
Kruskal-Wallis One-Way ANOVA on Ranks (Regular Insulin vs. Aspart vs. Glargine), p <0.001 p <0.001

Post-Hoc Comparison vs. Regular Insulin—Dunnett T3 test

*Bonferroni’s adjustment: Lower the 0.05 to 0.0167.

Table 2, Reh cells were incubated with control culture medium,
insulin (5 mIU/L), aspart (0.6 mIU/L), glargine (0.2 mIU/L) for
2 d and Nalm-6 cells for 4 d. The respective media were changed
and refreshed every 2 d. The number of cells in each sample
was measured by a Coulter counter. Relative to control culture
medium, 2-d treatments with insulin, aspart or glargine signifi-
cantly (one-way ANOVA, post-hoc intergroup comparisons with
p-values as labeled in Fig. 1D, left part) increased the cell num-
ber by averages of 22.1%), 18.6% or 16.9%, respectively. Nalm-6
cells also proliferate significantly (Fig. 1D, right part) faster,
by 11.7%), 10.2% or 8.9%, in response to 4-d treatments with
insulin, aspart or glargine, respectively. Therefore, pharmaco-
logically achievable concentrations of insulin, aspart and glargine
significantly increased the number of ALL cells, and aspart and
glargine increased ALL cells to the same degree at lower concen-
trations than human insulin.

We also experimentally evaluated and confirmed that the con-
centrations of metformin and rosiglitazone estimated in Table 4
significantly decreased the number of cultured ALL cells mea-
sured using a Coulter counter. The number of Reh cells decreased
significantly (Fig. 1E, left part) by 15.4% and 35.6% compared
with control after incubation with metformin (71 M) and rosi-
glitazone (11 wM), respectively, for 4 d. Similarly, the number
of Nalm-6 cells decreased significantly (Fig. 1E, right part) by
22.3% and 34.5% compared with control after incubation with
metformin (32 wM) and rosiglitazone (4 wM), respectively, for 6
d. Therefore, pharmacologically achievable concentrations of met-
formin and rosiglitazone significantly decreased the cell number.

The impact of these drugs on cell proliferation was investigated
by measuring the percentage of cells in S phase of the cell cycle.
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Table 4. Concentrations of metformin and rosiglitazone that can
decrease leukemic cells by 5% in 3 d

sample Metformin Rosiglitazone

(wM) (wM)

Reh 70.6 1.3

Cell lines Nalm-6 2 415
Raji 457 15

CCRF-CEM 60 36.6
Median 52.85 11.40
Mean 52.1 15.89

Patient 1 25.2 27.8

Patient 2 61.8 401

Patient samples  Patient 4 131 268
Patient 8 311 3.29

Patient 9 10.8 8.16

Median 25.2 8.16

Mean 28.4 16.41

Mann-Whitney U test b= 0111 o= 0730

(Cell Lines vs. Patient Samples)

First, we used flow cytometry after PI staining. After incubation
for 48 h, glargine 16 mIU/L significantly (p < 0.001, one-way
ANOVA, post-hoc Dunnett T3 test) increased, while metformin
100 M and rosiglitazone 20 wM significantly (p < 0.001 and
p < 0.001 respectively) decreased the number of cells in S phase
of the cell cycle compared with controls in Reh cells (Fig. 2A).
Similar results were obtained in Nalm-6 cells (Fig. 2A). Then,
we used the more sophisticated technique of 2-dimensional flow
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Figure 2. Inhibitory effects of metformin and rosiglitazone on leukemic cell DNA replication. P orgl an(;m 'Oh ol ¢ sa;}e C:CS Wer'e
(A) The percentage of cells in S phase as determined by Pl flow cytometry measuring DNA 1nFu ated with rosig 1tazon? ( 18 ); rosi-
content were plotted on the bar chart with treatments labeled on the horizontal axis. The error ghtazone dose—dependently increased expres-
bars represent 95% confidence intervals. The black bars are data from Reh cells and white bars sion of PTEN, accompanied by inhibition of
are from Nalm-6 cells. (B) The percentage of replicating cells in S phase was determined by phosphorylation/activation of AKT, mTOR
2-dimensional flow cytometry measuring BrdU incorporation and DNA content Both metfor- and p70S6K and activation of caspase-3
min and rosiglitazone, at labeled concentrations, decreased the percentage of Reh cells in the Th Pf K i di I I P h d
S-phase of the cell cycle (red numbers) and the percentage of BrdU-labeled cells with DNA erefore, ln.su 1n and insulin ana ogs a
content between 2n and 4n (black numbers). effects opposite to those of metformin and

cytometry measuring BrdU incorporation and DNA content,
The percentage of replicating cells in S phase was measured by
dual-staining with anti-BrdU-FITC and 7-AAD. Experimentally
treated cells and sham-treated control cells were incubated with
BrdU (100 wM) for 1 h prior to processing for flow cytometry.
Both metformin and rosiglitazone dose-dependently decreased
the percentage of Reh cells in the S phase of the cell cycle
(Fig. 2B). Therefore, glargine stimulated while metformin and
rosiglitazone inhibited proliferation of ALL cells.

To examine whether apoptosis was involved in the inhibi-
tion of ALL cells by metformin and rosiglitazone, we measured
apoptotic cells by annexin V binding followed by flow cytometry.
Metformin and rosiglitazone both dose-dependently increased the
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rosiglitazone on the AKT/mTOR signal-
ing pathway. Our results are consistent with
results by metformin®>?' and rosiglitazone*” in ALL and other
types of malignancies.

Insulin promoted, while metformin and rosiglitazone
antagonized, chemoresistance in ALL cells. The impact of anti-
diabetic medications on chemoresistance of ALL cells was first
investigated using an anthracycline daunorubicin. The log-dose-
response curves of daunorubicin (48-h incubations) were defined
using the MTS assay ALL cells. In combination with daunoru-
bicin, pharmacokinetically relevant concentrations of metformin
(500 wM) and rosiglitazone (10 wM) were found to shift the
log-dose-response curve of daunorubicin to the left, indicating
chemosensitization, while pharmacokinetically relevant concen-
trations of aspart, glargine and human insulin (1.25 mIU/L)
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Figure 3. Induction of apoptosis by metformin and rosiglitazone in leukemic cells. The percentage of apop-
totic cells was measured by dual-staining flow cytometry with annexin V-FITC and propidium iodide. The sum
of the percentages indicated in the right-upper and right-lower quadrants represent the percentage of an-
nexin V-binding apoptotic cells. Metformin and rosiglitazone both dose-dependently increased the percent-
age of apoptotic (annexin V-binding) cells in primary malignant cell sample from patients 8 and 9.

Daunorubicin at 32 nM (IC,,

for Reh) induced apoptosis in

29.8% of cells, while the combination with insulin, aspart or
glargine decreased the apoptotic cells to < 10% (Fig. 5B, bottom
parts). Similar data were also obtained with sample from patient
9. ALL cells from patient 9 treated with metformin, rosiglitazone,
human insulin, aspart or glargine had 6%, 12.5%, 14.1%, 13.2%,
16% and 14.5% apoptotic cells, respectively. Daunorubicin at 7
nM (IC,, for patient 9) alone induced apoptosis in 11.8% of cells,
while the combination with metformin increased the apoptotic
cells to 28.7%, and the combination with rosiglitazone increased
the apoptotic cells to 37.5%. Daunorubicin at 20 nM (IC , for
patient 9) induced apoptosis in 34.4% of cells, while the combi-
nation with insulin, aspart or glargine decreased the apoptotic
cells to 18%), 18.4% and 16.5%, respectively.

The impact of anti-diabetic medications on chemoresistance
of ALL cells was also investigated using etoposide, vincristine,
L-asparaginase and methotrexate. Using annexin V-binding for
measuring the percentage of apoptotic Reh cells in flow cytometry
analysis, human insulin, aspart and glargine (all at 8 mIU/L) did
not significantly change the percentage of apoptotic cells treated
with etoposide 0.21 wM, vincristine 15 ng/ml, L-asparaginase
105 units/ml or methotrexate 53 ng/ml. In contrast, both met-
formin 500 wM and rosiglitazone 10 WM significantly (p = 0.035
and p < 0.001, respectively) increased the percentage of apoptotic
cells when treated with etoposide 0.1 wM for 72 h (Fig. 5C). In
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similar experiments using vincristine 0.5 ng/ml, rosiglitazone sig-
nificantly (p < 0.001) increased the percentage of apoptotic cells
in vincristine-treated cells (Fig. 5D). In similar experiments using
L-asparaginase 5 units/ml, metformin significantly (p < 0.001)
increased the percentage of apoptotic cells in L-asparaginase-
treated cells (Fig. 5SE). In similar experiments using methotrexate
3 ng/ml, although there is a trend that metformin may increase
the percentage of apoptotic cells in methotrexate-treated cells,
the statistical analysis did not reach the confidence level of 95%
(p = 0.147) (Fig. 5F).

In summary, insulin, aspart and glargine antagonized dau-
norubicin-induced apoptosis and cytotoxicity, but no changes in
chemosensitivity to etoposide, vincristine, L-asparaginase and
methotrexate were detected at the concentrations examined. In
contrast, metformin increased daunorubicin-induced cytotoxicity
and apoptosis, etoposide-induced apoptosis and L-asparaginase-
induced apoptosis; rosiglitazone increased daunorubicin-induced
cytotoxicity and apoptosis, etoposide-induced apoptosis and vin-
cristine-induced apoptosis.

Discussion

The association of hyperglycemia with outcomes in ALL
patients is multifactorial. Factors such as an altered metabolism
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Figure 4. Differential effects of diabetes medications on AKT/mTOR signaling in leukemic
cells. Immunoblots are shown with the antigens labeled to the left and the cell source and
treatment labeled above. (A) 24 h treatments of human insulin, aspart and glargine at equi- PPARYy activation upregulates the expression
hypoglycemic concentration (8 mIU/L) activated the AKT/mTOR signaling pathway, and aspart of PTEN, an inhibitor of signaling through
and glargine activated this pathway to a higher degree than human insulin.
increasing concentrations for 48 h dose-dependently increased activation of AMPK, which
inhibited phosphorylation/activation of mTOR and p70S6K, and activated caspase-3 (a marker
of apoptosis) while having no effect on the phosphorylation of AKT. (C) Rosiglitazone at

and invasion.**® They attenuate signaling

through the IGF-1R signaling pathway**° as

(B) Metformin at AKT/mTOR." Studies on aging and caner
across the animal kingdom (nematodes, fruit
flies and mice) suggest that elevation in glu-
of PTEN, which cose, insulin and IGF-1 are important factors

inhibited phosphorylation/activation of AKT, mTOR and p70S6K and activated caspase-3. linked to shorter lifespans and anti-insulin

that supports the proliferative state of leukemic cells® and
impaired immune function®® may contribute to early relapse.
Hyperinsulinemia and increased levels of IGF-1 have also been
shown to promote tumor growth in solid tumors.”*” Recently
we demonstrated that different types of anti-diabetic pharmaco-
therapy had a differential direct impact on breast and pancreatic
cancer cells.”® Here, we have found evidence that the engineered
insulin analogs (aspart and glargine) may stimulate proliferation

resistance drugs and interventions that inter-

fere with insulin/IGF-1 signaling postpone or
inhibit carcinogenesis.”> Here, in terms of malignant cell prolif-
eration, we have demonstrated that insulin and analogs stimu-
late, while metformin and thiazolidinediones inhibit, ALL cells
using both cell lines and primary patient samples (Figs. 1-3).
Modeling of log dose responses predicted that pharmacologically
achievable concentrations of insulin and analogs (Table 2), and
metformin and rosiglitazone (Table 4) might have significant
impact on the number live ALL cells. We have experimentally
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Figure 5 (See opposite page). Differential effects of anti-diabetic medications on chemoresistance. (A) Data-fitted sigmoidal dose-response curves
of daunorubicin (DNR) are shown. Cell viability relative to control was measured by MTS assay in Reh cells. The control (black) dose response curve
was from cells treated with daunorubicin only. Metformin 500 .M (cyan) and rosiglitazone 10 wM (white with dash line) shifts the dose-response
curve of daunorubicin to the left, indicating chemosensitization. Aspart (blue), glargine (red) and human insulin (green) (all at 1.25 mIU/L) shifts the
dose-response curves to the right, indicating chemoresistance. (B) Reh cells were treated with metformin 500 wM, rosiglitazone 10 uM, human insulin
8 mlU/L, aspart 8 mIU/L or glargine 8 mIU/L in the absence or presence of daunorubicin 8 nM (IC,,) or 32 nM (IC,,) for 48 h. The percentage of apoptotic
cells were measured using dual-staining flow cytometry with propidium iodide and annexin V-FITC. Representative scattergrams are shown as la-
beled. Metformin and rosiglitazone enhanced daunorubicin-induced apoptosis while insulin, aspart and glargine antagonized daunorubicin-induced
apoptosis. (C) Reh cells were treated with control culture medium, metformin 500 M or rosiglitazone 10 .M in the absence or presence of etoposide

0.1 M for 72 h. Both metformin and rosiglitazone significantly (one-way ANOVA) increased the percentage of apoptotic cells in etoposide-treated
cells. (D) Reh cells were treated with control culture medium, metformin 500 M or rosiglitazone 10 wM in the absence or presence of vincristine

0.5 ng/ml for 72 h. Rosiglitazone significantly (one-way ANOVA) increased the percentage of apoptotic cells in vincristine-treated cells. (E) Reh cells
were treated with control culture medium, metformin 500 wM or rosiglitazone 10 wM in the absence or presence of L-asparaginase 5 units/ml for 72 h.
Metformin significantly (one-way ANOVA) increased the percentage of apoptotic cells in L-asparaginase-treated cells. (F) Reh cells were treated with
control culture medium, metformin 500 wM or rosiglitazone 10 wM in the absence or presence of methotrexate 3 ng/ml for 72 h. Neither metformin
nor rosiglitazone significantly (one-way ANOVA) increased the percentage of apoptotic cells in methotrexate-treated cells.

confirmed that these predicted concentrations of the anti-dia-
betic medications do cause statistically significant changes in
the number of ALL cells. Insulin and analogs activate the AKT/
mTOR signaling pathway, while metformin and rosiglitazone
inhibit mTOR signaling (Fig. 4). Insulin and analogs induced
chemoresistance to daunorubicin, while metformin and thiazoli-
dinediones improved chemosensitivity to daunorubicin and other
agents (Fig. 5). The chemosensitivity to anthracyclines may be
regulated by the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR
pathways,” and inhibition of the PI3K/PTEN/Akt/mTOR path-
way can enhance chemosensitivity. Chemosensitivity to other
agents (etoposide, vincristine, L-asparaginase and methotrexate)
showed varied responses, which suggests that the pathways or
mechanisms regulating chemosensitivty to these other agents are
different from those for anthracyclines. Taken together, all these
data support the notion that insulin and analogs are detrimen-
tal, while metformin and thiazolidinediones are beneficial, to
the clinical outcomes of hyperglycemic ALL patients undergoing
hyper-CVAD chemotherapy.

In contrast to cycled/pulsed treatment with classical cytotoxic
chemotherapy that results in high percentages of malignant cells
being killed, chronic inhibitory/suppressive therapy, which may
have some similarity to metronomic therapy,”* will only need a
very modest impact to translate into clinically meaningful ben-
efits over the long-term. For example, a mere 2.5% decrease in the
number of cancer cells by a drug compared with control observed
in 3 d may become a 53.2% decrease in tumor burden in 3 mo
(e, 0.975% = 0.468). Antidiabetic pharmacotherapy involves
chronic administration; modest short-term impact on malignant
cells at normal human doses will become clinically significant
over time. The effects of insulin or analogs compared with the
opposite effects of metformin or thiazolidinediones on malignant
cells will magnify the difference. A caveat for this argument is the
possibility of tachyphylaxis (i.c., the antidiabetic drugs may stop
having an effect on malignant cells after many days of exposure).
However, epidemiologic evidence does not support this caveat,
and diabetic patients with various types of cancer have different
prognoses associated with the anti-diabetic drugs they use.””” An
epidemiologic study revealed an increased risk of cancer-related
death in diabetic patients treated with sulfonylureas and insulin
preparations than in those treated with metformin,”® and based
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on our previous results in reference 12 and results reported in this
paper, this difference is very likely due to both detrimental effects
of insulin preparations and the beneficial effect of metformin on
cancer cell growth and chemoresistance. Diabetic patients with
breast cancer receiving metformin and neoadjuvant chemo-
therapy have a higher complete response rate than do diabetics
not receiving metformin.” This epidemiologic evidence and our
finding that metformin adds to the cytotoxic effect of daunoru-
bicin corroborate each other. Specifically for hyperglycemic ALL
patients undergoing hyper-CVAD chemotherapy, a randomized
clinical trial comparing intensive insulin therapy using glargine
and aspart with conventional therapy (control) was terminated
early because of a trend that survival in the intensive insulin
therapy arm was worse than the control arm and a probability
of 0.0001 to conclude in favor of the intensive insulin therapy
arm.® Secondary analysis of the data in this clinical trial suggests
that exogenous insulin may be associated with poor outcomes,
while metformin and thiazolidinediones may be associated with
improved outcomes.®® The results in this paper and the results of
our clinical trial corroborate one another.

To our knowledge, this is the first study that includes evidence
from primary leukemic patient samples to demonstrate that insu-
lin and insulin analogs are associated with a high proliferation
rate and chemoresistance, while metformin and thiazolidinedio-
nes are associated with low proliferation rate, apoptosis and che-
mosensitivity of ALL cells. While we need to learn more about the
interactions of anti-diabetic pharmacotherapy with malignancies
and their response to treatments, future research should also seek
confirmation of beneficial effects of biguanides and thiazolidin-
ediones to the clinical outcomes of malignant diseases in prospec-
tive trials. Our results open the avenue to potentially influence
the clinical outcomes and survival of hyperglycemic ALL patients
simply by making an informed choice of anti-diabetic pharmaco-
therapy. The implications of our data may reach beyond the con-
text of hyperglycemic ALL patients to normoglycemic patients.
Currently, a phase III adjuvant trial (NCIC MA.32) is investigat-
ing the addition of metformin to chemotherapy for breast cancer.®!
In low glucose culture conditions, a combination of rapamycin
and metformin kills cancer cells without killing normal cells;®
these results, taken together with our findings, suggest that the
combination of metformin and an mTOR inhibitor may have a
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wide therapeutic window. We are currently evaluating this idea of
combining metformin with an mTOR inhibitor (everolimus) in
a clinical trial of obese and overweight postmenopausal patients
with metastatic hormone-responsive breast cancer on exemestane
therapy. The safety of metformin and thiazolidinediones in nor-
moglycemic patients and their chemosensitizing effects may jus-
tify clinical trials to evaluate the addition of metformin and/or
thiazolidinediones to chemotherapy for ALL.

Methods

Cell lines and primary patient samples. Lymphoblast cell lines
Reh (non-T non-B ALL), Nalm-6 (pre-B ALL), Raji (Burkitt’s
lymphoma) and CCRE-CEM (T-cell ALL) were all obtained
from ATCC and were grown in RPMI 1640 medium (Invitrogen)
supplemented with 1% heat-inactivated fetal calf serum (FCS), as
described previously in reference 16. The glucose concentration
in standard RPMI 1640 medium is 2 g/L. Media are replaced
after 48 h, at which point glucose in the media has not decreased
by more than 10%. Cells in logarithmic phase were used in all
experiments starting with 2.0 x 10°/mL. Nine patients (Table 1)
were recruited from the Sun Yat-sen Memorial Hospital, Sun Yat-
sen University, Guangzhou, People’s Republic of China to donate
primary leukemic cell samples for in vitro studies. All the patient
samples were obtained after written informed consent under a
clinical research protocol approved by the Institutional Review
Board at the Sun Yat-sen University in accordance with the pre-
cepts established by the Helsinki Declaration. The primary leu-
kemic cells were cultured in the medium as above. Only cells less
than six in vitro passages were used in experiments; for this rea-
son, samples from seven consecutive patients were used in earlier
experiments; in later experiments, samples from patient 1, 2 and
4 were used with new recruits of patients 8 and 9, as no more cells
from patient 3, 5, 6 and 7 were available.

Reagents. Metformin was dissolved in water, and rosigli-
tazone was dissolved in DMSO (Sigma) at a stock concentration
of 40 mM and 5 mM, respectively, and stored at -20°C. Mouse
antibodies against procaspase-3 and active caspase-3 (CM1) were
from BD Biosciences. Antibodies against AMPKa, phospho-
AMPKa (Thr172), AKT, phospho-AKT (Ser473), mTOR,
phospho-mTOR (Ser2448), p70 S6 kinase and phospho-p70 S6
kinase (Thr389) were from Cell Signaling Technology; mouse
monoclonal antibody against actin and Annexin V-FITC Kit
were from Sigma-Aldrich. Anti-mouse immunoglobulin G and
anti-rabbit immunoglobulin G horse radish peroxidase-conju-
gated antibodies were from Pierce Biotechnology.

Cell viability assay. Cell viability was determined by MTS
assay (CellTiter 96 Aqueous One Solution Cell Proliferation
assay; Promega).”'®% 100 wl cells (2.0 x 10°/mL) were seeded
in 96-well plates, incubated with various concentrations of drugs
for 72 h. Four hours prior to culture termination, 20 wL of MTS
solution was added to each well of culture. Absorbance was read
on a 96-well plate reader at a wavelength of 490 nm. Control cells
received DMSO (< 0.1%) containing medium.

The numbers of live cells were also counted after disper-
sion by EDTA treatment using trypan blue dye exclusion with
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a hemocytometer. Alternatively, the total number of cells was
counted using a Coulter counter, and the percentage of live
cells in the cell population was determined by trypan blue dye
exclusion.

Western blotting analysis. Control or drug-treated cells were
pelleted by centrifugation and rinsed with PBS. The cell pel-
lets were then lysed in a total of 300 wl RIPA buffer [1x PBS,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml
PMSF and Complete Protease Inhibitor Mix (Roche), one tab-
let per 50 ml]. The DNA in the lysate was sheared by a soni-
cator. All western blot analysis was performed using whole-cell
lysates prepared as described above. SDS-PAGE was performed
using standard methods. The protein concentrations of samples
were measured using a modified Lowry method (protein assay,
Bio-Rad Laboratories, Inc.). Equal amounts of total protein
from each sample were loaded onto the SDS polyacrylamide
gel. Immunoblotting was performed using nitrocellulose mem-
branes (Bio-Rad Laboratories, Inc.). Kodak X-AR film was used
to record the image generated by enhanced chemiluminescence
using the ECL kit (Pierce Chemical Co.).

Flow cytometry analysis. Apoptosis measurement. Apoptosis
was measured by flow cytometry using annexin V-FITC/
Propidium iodide (PI) or 7-AAD/Cy5AnnV double staining.
Cells were cultured in the presence of indicated concentrations of
metformin, rosiglitazone, insulin, aspart, glargine and daunoru-
bicin then harvested and washed and incubated in binding buffer
(Annexin V Binding Buffer, Sigma-Aldrich) with 0.3% annexin-
FITC for 15 min at room temperature. The cells were washed
and resuspended in binding buffer. Propidium iodide or 7-AAD
was added just before flow cytometric analysis.”>'

Cell cycle phase measurement. Cells were cultured in the presence
of indicated concentrations of metformin, rosiglitazone, glargine
or control medium then harvested, washed, fixed and stained
with PI according to standard protocols. The DNA contents of
the cells were measured by PI fluorescence. The percentages of
cells in different phases of the cell cycle were determined using
the computer program Flowjo Version 7.6.4 (www.treestar.com).

Proliferating cells detection. Cells treated and control were incu-
bated with bromodeoxyuridine (BrdU) and harvested, washed
with PBS and fixed with 66% ethanol overnight. Cells were
centrifuged and washed with PBS, then stained with 7-amino-
actinomycin D (7-AAD) and 2.5 pg/mL RNase and anti-BrdU-
FITC in PBS solution for 30 min at room temperature. S-phase
cell percentage was analyzed by dual-fluorescence flow cytometry
according to the instruction of BrdU flow cytometry assay kit
(BD Biosciences).

Statistics. Log-dose response curves were obtained by fitting
all the data points to a 4-parameter sigmoid curve model using
the dynamic fit wizard of SigmaPlot version 12 (Systat Software
Inc.). The mean response of at least three measurements for each
tested concentration was plotted along with the fitted curve.
Inhibitory concentrations that inhibit the cancer cells by 25%,
50% and 75% (IC,,,

mined from the fitcted sigmoid curve. Comparison between two

IC,, and IC_, respectively) were deter-

groups was evaluated by t-test or rank sum test where appropri-
ate. Bonferroni correction for multiple comparisons was applied
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where appropriate. Comparisons involving more than two groups
were performed using one-way analysis of variance (ANOVA)
and Kruskal-Wallis one-way ANOVA on Ranks (for non-nor-
mally distributed data). Post-hoc intergroup comparisons were
performed with Dunnett T3 or Holm-Sidak tests. p < 0.05 was
considered significant.
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