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Abstract

 

Chronic exposure of HIT-T15 cells to supraphysiologic glu-

cose concentration diminishes insulin gene expression and

decreased binding of two critical insulin gene transcrip-

tion factors, STF-1 and RIPE-3b1 activator. To distinguish

whether these changes are caused by glucose toxicity or

beta cell exhaustion, HIT-T15 cells grown from passage 75

through 99 in media containing 11.1 mM glucose were

switched to 0.8 mM glucose at passage 100. They regained

binding of STF-1 and RIPE-3b1 activator and had a partial

but minimal return of insulin mRNA expression. In a sec-

ond study, inclusion of somatostatin in the media-contain-

ing 11.1 mM glucose inhibited insulin secretion; however,

despite this protection against beta cell exhaustion, dramatic

decreases in insulin gene expression, STF-1 and RIPE-3b1

binding, and insulin gene promoter activity still occurred.

These data indicate that the glucotoxic effects caused by

chronic exposure to supraphysiologic concentration of glu-

cose are only minimally reversible and that they are not due

simply to beta cell exhaustion. These observations carry

with them the clinical implication that Type II diabetic pa-

tients who remain hyperglycemic for prolonged periods

may have secondary glucose toxic effects on the beta cell

that could lead to defective insulin gene expression and

worsening of hyperglycemia. (

 

J. Clin. Invest. 

 

1997. 99:534–

539.) Key words: glucose toxicity 

 

• 

 

beta cell exhaustion 

 

• 

 

in-

sulin gene

 

Introduction

 

We previously reported that chronic exposure of HIT-T15
cells, a beta cell line derived from simian virus 40-transformed
Syrian hamster pancreatic islets (1), to high glucose concentra-
tion causes decreased insulin secretion, content, mRNA levels,
and gene transcription and that these effects are prevented by
culturing cells in media containing low glucose concentration
(2, 3). This defect in transcription was associated with de-
creased binding of two critical insulin gene transcription fac-
tors, STF-1 (4) and RIPE-3b1 activator (5). We hypothesized

that glucose toxicity was the mechanism for these findings. Al-
ternatively, beta cell desensitization and/or exhaustion (6–19)
might as well explain defective insulin secretion from beta cells
chronically exposed to high glucose concentrations. Beta cell
exhaustion is an especially attractive alternative to our inter-
pretation of glucotoxicity in our experiments because of their
chronicity. In this regard, at least two studies have shown that
exposure of islets to high glucose concentrations leads to beta
cell dysfunction that is preventable if insulin secretion is inhib-
ited during the high glucose exposure (18–19).

We designed experiments to determine the extent to which
glucose toxicity can be differentiated from beta cell exhaustion
as a cause of beta cell dysfunction in HIT cells chronically ex-
posed to high glucose concentrations. The two approaches
were (

 

a

 

) to switch late passage cells that had lost insulin gene
expression during prolonged culture with a high glucose con-
centration to a low concentration of glucose, and (

 

b

 

) to expose
cells to high glucose concentration over many passages in the
presence of somatostatin (SRIF)

 

1

 

 to inhibit insulin gene ex-
pression (20, 21) and insulin secretion (22). Two questions
were posed: (

 

a

 

) Can HIT cells recover STF-1 and RIPE-3b1
activator binding and the ability to express insulin mRNA and
glucose-induced insulin secretion after they have been lost
during prolonged passaging under conditions of a high glucose
concentration?; and (

 

b

 

) Can STF-1 and RIPE-3b1 activator
binding, insulin gene expression, and beta cell function be pre-
served under conditions of chronic high glucose concentrations
if beta cell exhaustion is prevented by inhibition of insulin syn-
thesis and secretion with SRIF?

 

Methods

 

Cell culture. 

 

HIT-T15 cells were routinely grown in RPMI 1640 cul-
ture medium containing 10% FBS, in 5% CO

 

2

 

/95% air at 37

 

8

 

C. Me-
dium was changed every 48 h and cells were passaged once weekly af-
ter detachment using trypsin-EDTA as previously described (23). In
the first study cells were cultured from passage 75 to 146 in media
containing either 11.1 or 0.8 mM glucose. A subset of these cells cul-
tured in 11.1 mM glucose from passage 75 on was switched at passage
100 to 0.8 mM glucose and cultured through passage 146. In the sec-
ond study, HIT cells were continuously cultured beginning with pas-
sage 72 through 100 in four different conditions: 0.8 mM glucose; 0.8
mM glucose 

 

1

 

 10

 

2

 

6

 

 mM SRIF; 11.1 mM glucose; and 11.1 mM glu-
cose 

 

1

 

 10

 

2

 

6

 

 mM SRIF. Aliquots of cells from each passage were fro-
zen for later use.

 

Insulin content and secretion studies. 

 

To assess the efficacy of
SRIF in the experimental media as an inhibitor of insulin synthesis
and insulin secretion over time, weekly aliquots of 5 

 

3

 

 10

 

5

 

 cells/well
were plated in duplicate in 12-well plates and subcultured for 48 h in
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1.5 ml of their usual media. Media insulin concentration and cellular
insulin content were then measured as previously described (23).

Additional aliquots were used to examine static insulin secretion
in response to incubation in glucose concentrations ranging from 0 to
5.6 mM. These cells were studied in 12-well plates after 48 h subcul-
ture in 11.1 mM glucose without SRIF (to allow full insulin responses
to glucose) as previously described (23).

 

Northern blot and slot blot analysis of insulin mRNA. 

 

For measure-
ment of mRNA levels, HIT cells frozen at 

 

2

 

70

 

8

 

 were thawed and al-
lowed to recover for 1 wk in their original respective culture condi-
tions. Cells were then subcultured for 48 h in RPMI 1640 containing
11.1 mM glucose without somatostatin by plating 5 

 

3

 

 10

 

6

 

 cells in 60-mM
culture dishes. Cells were rinsed with PBS (137 mM NaCl; 2.7 mM
KCl; 4.3 mM NaH

 

2

 

PO

 

4

 

·7H

 

2

 

O; pH 7.3) and scraped in denaturing so-
lution (4 M guanidine thiocyanate; 25 mM sodium citrate, pH 7; 0.5%
sarcosyl; and 0.1 M 2-mercaptoethanol). The lysed cells were soni-
cated for 10 s at 50% duty to shear chromosomal DNA. RNA was
isolated according to Chomczynski et al. (24).

For Northern blot analysis, total RNA (5–15 

 

m

 

g) was fractionated
on a 1.5% agarose–formaldehyde gel and transferred to a nylon hy-
bridization membrane (0.22 

 

m

 

m; Micron Separations Inc., Westboro,
MA) by electroblotting. The membrane was prehybridized in 50%
formamide, 5

 

3 

 

SSC, 5

 

3 

 

Denhardt’s, 50 mM sodium phosphate, 0.1
mg/ml salmon sperm DNA, and 0.1% SDS at 42

 

8

 

C overnight, then
hybridized for 16 h with 

 

32

 

P-labeled Syrian hamster preproinsulin
cDNA probe (25) in the same solution. The membrane was then
washed three times at room temperature in 2

 

3 

 

SSC and 0.1% SDS,
then twice at 60

 

8

 

C in 0.2

 

3 

 

SSC and 0.1% SDS, then exposed to x-ray
films (model X-Omat AR; Eastman Kodak Co., Rochester, NY) for 4
to 12 h. Under the hybridization conditions employed, the probe hy-
bridized to a single 0.5-kb band consistent with HIT cell preproinsulin
mRNA (26).

For slot-blot analysis, total RNA (2.5–5 

 

m

 

g) was loaded on a ny-
lon hybridization membrane using the bio-dot apparatus (Bio Rad
Labs, Hercules, CA) and the membrane was prehybridized and hy-
bridized as described above. Membranes were stripped for 2 h at 75

 

8

 

C
in 1 mM Tris–HCl, pH 8.0, 1 mM EDTA, pH 8.0, and 0.1

 

3 

 

Den-
hardt’s, then rehybridized with 

 

32

 

P-labeled human 

 

b

 

-actin cDNA
probe to control for variations in the amount of total RNA. Insulin
and 

 

b

 

-actin mRNA were quantitated by scanning densitometry of au-
toradiographs.

 

Nuclear extracts and electrophoretic mobility shift assay (EMSA).

 

Nuclear extracts were prepared from HIT-T15 cells as previously de-
scribed (3). Double-stranded oligonucleotides to detect STF-1 bind-
ing to the human insulin gene (

 

2

 

230 to 

 

2

 

201, CCCCTGGTTAA-
GACTCTAATGACCCGCTGG) and to detect RIPE3b-1 binding to
the rat insulin II gene (

 

2

 

126 to 

 

2

 

101, TGGAAACTGCAGCTTC-
AGCCCCTCT) were end-labeled with [

 

a

 

-

 

32

 

P]dCTP using the Kle-
now fragment of 

 

Escherichia coli

 

 DNA polymerase I. The binding re-
actions (10 mg extract/lane) and electrophoresis were performed as
previously described (3).

 

Cell transfections and chloramphenicol acetyl transferase (CAT)

assay. 

 

To assess insulin gene promoter activity, frozen HIT cell
stocks were allowed to recover for 1 wk in their original respective
culture condition. Cells were then subcultured for 48 h in RPMI 1640
containing 11.1 mM glucose without SRIF at a density of 1.5 

 

3

 

 10

 

6

 

cells per well in 6-well plates. The plasmid insulin promoter-driven
CAT (INSCAT) contains the human insulin gene sequences 

 

2

 

326 to

 

1

 

30 linked to the chloramphenicol acetyl transferase (CAT) reporter
gene (3). Duplicate wells were transfected with 1.0 

 

m

 

g of INSCAT or
0.5 

 

m

 

g of RSV promoter-driven CAT (RSVCAT) by a liposome-medi-
ated method (Lipofectin; GIBCO BRL, Gaithersburg, MD). All
transfections and subsequent incubations were performed in 11.1 mM
glucose. Cells were rinsed with FBS-free RPMI 1640, then 1 ml of
FBS-free RPMI 1640 containing 1:4 (wt/wt) plasmid DNA to lipofec-
tin was added to each well. Cells were incubated for 4 h at 37

 

8

 

C, after
which the transfection media was replaced by 3 ml of RPMI 1640. 48 h
after transfection, cells were harvested and CAT activity was assayed

(27). Data are presented as relative INSCAT to RSVCAT expression
to control for variability in transfection efficiency observed between
cells cultured in low and high glucose concentrations.

 

Expression of data and statistics. 

 

Data are presented as mean

 

6

 

SE.
Comparisons were performed by two-sided two-sample Student’s 

 

t

 

test (see Figs. 2 and 3) and by ANOVA (see Figs. 2, 4, 5, 7, and in Re-
sults under 

 

Insulin gene expression

 

). 

 

P

 

 

 

,

 

 0.05 was considered signifi-
cant.

 

Results

 

Study I. Reversal of adverse effects of high glucose concentration 
by switching to low glucose concentration

 

As previously reported (2), insulin mRNA in HIT cells grown
from passage 75 through 146 in RPMI containing 11.1 mM glu-
cose diminished progressively through passage 100 and was
virtually nonexistent from passage 100–146 (

 

P

 

 

 

,

 

 0.0001; Figs. 1
and 2). In contrast, insulin mRNA from cells grown from pas-
sage 76 through 146 in media containing 0.8 mM glucose con-
tinued to be expressed at 70–80% of control levels. In the sub-
set of cells that had been grown in 11.1 mM glucose from
passage 75–99 and had no insulin mRNA by passage 99,
switching the glucose concentration to 0.8 mM allowed a re-
turn of STF-1 and RIPE-3b1 activator binding (Fig. 3) as well
as insulin mRNA expression to levels of 10–15% of control
through passage 146 (passages 130–146; 11.1 mM vs. 11.1 then
0.8 mM glucose; 

 

P

 

 

 

,

 

 0.0027; Fig. 2). However, the level of

Figure 1. Northern analysis for insulin mRNA in HIT cells grown un-
der conditions of 11.1 mM glucose, 0.8 mM glucose, or 11.1 mM 
switched to 0.8 glucose at passage 100.

Figure 2. Illustration of disappearance of insulin mRNA in cells cul-
tured in 11.1 mM glucose, preservation of insulin mRNA in cells cul-
tured in 0.8 mM glucose, and partial restoration of insulin mRNA in 
cells cultured in 11.1 mM glucose from passage 75 to 100 and then 
switched to 0.8 mM glucose from passage 100 to 146.
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mRNA expression in these cells, as well as glucose-induced in-
sulin secretion (Fig. 4), remained significantly attenuated.

 

Study II. Cell culture with and without added SRIF

Insulin secretion and content. 

 

Insulin concentrations in media
were measured biweekly from passages 74–100 after 48 h sub-
culture in 12-well plates (Fig. 5). Insulin levels in media from
cells grown in 11.1 mM glucose without SRIF were initially
fourfold higher than from cells grown in the other three condi-
tions (passages 73–76; 

 

P

 

 

 

,

 

 0.0001), but declined significantly
over time (passages 73–6 vs. 97–100; 

 

P

 

 

 

,

 

 0.0001). This finding
is consistent with our previous observation that chronic expo-
sure of HIT cells to high glucose concentration results in dra-
matically diminished insulin secretion (2). Media levels of in-
sulin from the other three conditions also decreased over the
same passages to a variable extent (

 

P

 

 

 

5

 

 0.0443–0.005). Inclu-
sion of SRIF in the media containing 11.1 mM and 0.8 mM glu-
cose throughout the experiment resulted in media insulin lev-
els similar to those of cells grown in 0.8 mM glucose without
SRIF. By passage 90 media insulin levels were equally low in
cells grown in 11.1 mM glucose with and without SRIF.

Insulin content in cells grown in 11.1 mM glucose declined
progressively over the experimental period (passages 73–6 vs.
97–100; 

 

P

 

 

 

,

 

 0.0001; Fig. 6). The presence of SRIF and 11.1 mM
glucose in the culture media decreased baseline insulin content
compared to 11.1 mM glucose alone (passage 73–6; 

 

P

 

 

 

,

 

 0.0001)
and these cells cultured in SRIF underwent a similar decline in
insulin content (passage 73–6 vs. 97–100; 

 

P

 

 

 

5

 

 0.0007). Insulin
content was low initially in cells grown in 0.8 mM glucose with
and without SRIF and remained low over time.

 

Insulin secretion during static incubations. 

 

After 48-h sub-
culture in 11.1 mM glucose without SRIF, insulin secretion
from cells grown under all four conditions was examined dur-
ing static incubations over a range of glucose concentrations.
Glucose-stimulated insulin release decreased dramatically in

Figure 3. Electro-
phoretic mobility shift 
assay for RIPE-3b1 ac-
tivator (lanes 1–3) and 
STF-1 (lanes 4–6) bind-
ing in HIT-T15 cells at 
passage 139. Lanes 1 
and 4 from cells grown 
under conditions of 11.1 
mM glucose; lanes 2 
and 5 under conditions 
of 0.8 mM glucose; and 
lanes 3 and 6 under con-
ditions of 11.1 mM 
switched to 0.8 mM glu-
cose at passage 100. 
This EMSA was re-
peated twice more with 
similar results.

Figure 4. Insulin levels obtained after 4-h static incubations of HIT-
T15 cells in progressively increasing concentrations of glucose for 
passage 72 and passage 139 cultured under conditions indicated in 
legend for Fig. 1. Initial insulin concentrations with no glucose in the 
incubation: P-72 5 549679; P-139 (11.1 mM glucose) 5 460; P-139 
(11.1 switched to 0.8 mM glucose at P-100) 5 561; mU/mg protein.

Figure 5. Media insulin levels in HIT cells 
from passage 74 to 100 grown in RPMI-
1640 medium containing 10% FCS under 
four conditions: 0.8 mM glucose; 0.8 mM 
glucose plus 1026 M SRIF; 11.1 mM glu-
cose; and 11.1 mM glucose plus 1026 M 
SRIF. Each week, aliquots of cells growing 
under the experimental media conditions 
were transferred to 12-well plates and con-
tinued in their respective experimental 
media. After 48 h, media insulin concen-
tration was determined and was normal-
ized for protein content.
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cells grown in 11.1 mM glucose as passage number increased.
By passage 98–100, maximal insulin secretion in these cells was
significantly less than that observed at passage 80–82 (

 

P

 

 

 

,

 

0.0001; Fig. 7). Inclusion of SRIF in the media had no protec-
tive effect against this loss of secretion.

 

Insulin gene expression. 

 

Insulin mRNA levels in HIT cells
cultured under the four experimental conditions were com-
pared by both Northern blot and slot blot analysis to deter-
mine whether the observed decline in insulin secretion and
content in cells cultured in 11.1 mM glucose with or without
SRIF was accompanied by parallel changes in insulin gene ex-
pression. Insulin mRNA abundance was less in cells grown un-
der high glucose conditions with and without SRIF compared
to cells grown under low glucose conditions (Fig. 8.). Similar
results were observed using slot blot analysis performed three
separate times on passages 92, 93, and 94 wherein densitome-
try of insulin mRNA/

 

b

 

-actin in RNA revealed a highly signifi-
cant difference in cells grown in media containing 11.1 and
0.8 mM glucose (0.46

 

6

 

0.08 vs. 0.08

 

6

 

0.0; 

 

P

 

 

 

,

 

 0.0005) that per-
sisted when cells had been grown in 11.1 mM glucose plus
SRIF vs. 0.8 mM glucose 

 

1

 

 SRIF (0.51

 

6

 

0.03 vs. 0.22

 

6

 

0.02;

 

P

 

 

 

5

 

 0.0018). Thus, preventing chronic stimulation of insulin
secretion did not prevent cells grown in 11.1 mM glucose from
developing diminished insulin mRNA levels over time.

 

STF-1 and RIPE-3b1 activator binding and insulin gene

promoter activity. 

 

EMSA revealed no evidence that SRIF by
itself altered STF-1 or RIPE-3b1 activator binding (Fig. 9).
Cells from the four experimental conditions transiently trans-
fected with a CAT reporter gene driven by the 5

 

9

 

 regulatory
region (

 

2

 

326 to 

 

1

 

30) of the human insulin gene were used to
determine whether the decrease in insulin gene expression in
cells chronically cultured in 11.1 mM glucose with and without
SRIF was accompanied by parallel changes in insulin gene
promoter activity (Fig. 10). The relative expression of INSCAT
to RSVCAT activity was not different in passages 92–94 of
HIT cells cultured in 0.8 mM glucose with or without SRIF. In
contrast, relative expression of INSCAT to RSVCAT activity
in HIT cells cultured in 11.1 mM glucose with or without SRIF
was markedly reduced in passages 92–94 compared to their
counterparts cultured under 0.8 mM glucose conditions (

 

P

 

 

 

5

0.0153, 0.0141). These data indicate that the z 70% decrease
in insulin gene promoter activity found in HIT cells chronically
cultured in 11.1 mM glucose could not be prevented by pro-
tecting them against chronic stimulation of beta cell secretion
with SRIF.

Discussion

These studies were performed to determine whether gluco-
toxic effects on insulin gene expression caused by prolonged
culturing of HIT cells in supraphysiologic concentrations of
glucose are reversible and to differentiate glucose toxicity

Figure 6. HIT cell insulin content in HIT cells grown under the four 
experimental conditions described for Fig 5. Each week, aliquots of 
cells growing under the experimental media conditions were trans-
ferred to 12-well plates and continued in their respective experimen-
tal media. After 48 h, cellular insulin content was determined from 
acidified ethanol extracts of the cells and normalized for protein con-
tent. Inhibition of insulin secretion with SRIF did not prevent loss of 
insulin content in cells grown in high glucose.

Figure 7. Insulin secretion in response to stimulation by glucose in 
2 h static incubations with varying concentrations of glucose in KRB 
were performed in cells from early (passage 80 and 82) and late (pas-
sage 98 and 100) passages of cells cultured in 12-well plates after 48-h 
subculture in 11.1 mM glucose in the absence of SRIF. Inhibition of 
chronic insulin secretion with SRIF did not prevent the loss of glu-
cose-induced insulin secretion in late passage cells chronically cul-
tured in high glucose concentrations.

Figure 8. Analysis of mRNA levels in late passage HIT cells (passage 
93) grown under the four experimental conditions described in Fig. 5.
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from beta cell exhaustion as mechanisms of action for de-
creased insulin synthesis and secretion. The data reported
herein indicate that the glucotoxic phenomenon we have ob-
served is partially but minimally reversible by switching glu-
cose in the culture media from a high to a low concentration
after insulin gene expression has been lost. They also indicate
that these glucotoxic events are not due simply to beta cell
exhaustion because inclusion of somatostatin to prevent glu-
cose-stimulated insulin secretion during chronic culture with
supraphysiologic glucose concentrations did not prevent loss
of insulin gene expression.

The rationale for performing these studies began with the
initial observation that prolonged culturing of HIT cells in me-
dia containing 11.1 mM glucose lost the ability to express insu-
lin mRNA (2, 3). We demonstrated that this loss in insulin
gene expression was not observed during prolonged culturing
in media containing 0.8 mM glucose which is a more physio-
logic concentration for HIT cells (2, 23). This low glucose con-
centration is slightly stimulatory for insulin secretion because
the glucose dose-insulin response curve in HIT cells is shifted
leftward such that the EC50 is less than 2 mM (23). The loss of
insulin gene expression observed when culturing with 11.1 mM
glucose was associated with a marked reduction in insulin pro-
moter activity and decreased binding of two critical insulin
gene transcription factors, STF-1, and RIPE-3b1 activator (4,
5). We demonstrated that these two transcription factors are
important in the HIT cell because mutation of the enhancer–

promoter portion of the insulin gene to which these factors
bind caused marked decreases in insulin gene expression (3,
4). While searching for a mechanism for these events we ob-
served that STF-1 gene transcription was unaffected judging
from nuclear run-on experiments. However, Northern analysis
for STF-1 gene expression indicated a possible posttranscrip-
tional defect because there was accumulation of immature
STF-1 RNA and an absence of STF-1 mRNA (4). Recently,
similar findings have been reported in an unrelated cell line,
bTC-6, which were accompanied by loss of RIPE-3b1 activator
but not STF-1 (28).

Although we have published data indicating that insulin
gene expression can be preserved in HIT cells by using media
containing physiologic glucose concentrations, an important
alternative interpretation is that this glucose concentration was
simply selective for an insulin responsive clone(s) of cells. It
has been our opinion that this was not a likely explanation be-
cause no differences have been observed in levels of glucose
transporter (GLUT-2), glucokinase mRNA or activity, popu-
lation doubling times, or RFLP pattern when comparing HIT
cells grown under high vs. low glucose conditions (2), nor could
we reproduce these changes by culturing cells in an 11.1 mM
concentration of mannitol with a low concentration of glucose
(0.8 mM). The new data provided in this manuscript that we
are able to partially, albeit minimally, restore lost insulin gene
expression by switching the cells from a high to a low glucose
concentration at passage 100 supports our opinion that the
higher glucose concentration had not simply eliminated clones
able to express the insulin gene. Otherwise, we could not have
seen partial return of insulin gene expression when switching
to a lower glucose concentration at passage 100. Rather, these
data suggest that we were working with the same population of
cells and that glucose toxicity induced by conditions we have
studied could be partially reversed. Nonetheless, the resolu-
tion of this issue of cell selection vs. glucotoxic effect on exist-
ing cells can only come from in vivo models wherein the poten-
tially adverse effects of chronic hyperglycemia on insulin gene
expression can be examined. To this end, we have begun stud-
ies of the consequences of spontaneous hyperglycemia on
STF-1 and RIPE-3b1 activator binding as well as insulin gene
expression in Zucker diabetic fatty rats.

The theories of glucose desensitization and beta cell ex-
haustion have been important to understanding insulin secre-
tory dynamics of cells exposed to high concentrations of glu-
cose for varied periods of times. Most of these experiments
(6–19) have involved pancreatic islets exposed in vitro or ani-
mals exposed in vivo to high glucose concentrations for peri-
ods of days or several weeks. Evidence for beta cell exhaustion
was provided by Sako et al. (18) who induced hyperglycemia in
normal rats for 48 h with or without the presence of diazoxide
(an inhibitor of insulin secretion which acts at the ATP-sensi-
tive K1 channel). The animals were subsequently killed and
beta cell function was studied using a perifusion method. Hy-
perglycemia was associated with a reduction in the acute insu-
lin secretory response to glucose which did not occur in islets
from animals whose 48-h insulin secretion had been inhibited
by diazoxide. The authors concluded that preventing pro-
tracted glucose-induced insulin secretion protected the beta
cells from the deleterious effects of hyperglycemia and, thus,
that excessive stimulation of insulin secretion rather than glu-
cose toxicity or glucose desensitization caused beta cell dys-
function. Similarly, Leahy et al. (19) found that diazoxide par-

Figure 9. Electrophoretic mobility shift assay for RIPE-3b1 activator 
(A) and STF-1 (B) binding in HIT-T15 cells at passage 74 treated for 
48 h with or without 1026 M SRIF and passage 98 chronically cultured 
in media containing 0.8 or 11.1 mM glucose with or without 1026 M 
SRIF. H 5 11.1 mM glucose and L 5 0.8 mM glucose in culture 
media.

Figure 10. CAT activity 
in late passage HIT 
cells (passages 92–94) 
cultured under the four 
experimental condi-
tions described in Fig 5. 
Data represent the 
mean of the relative ex-
pressions of INSCAT 
to RSVCAT for four 
independent experi-
ments with duplicate 
observations (n 5 4).
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tially blocked the fall in glucose-induced insulin secretion
usually seen in rats 2–3 wk after partial pancreatectomy, sug-
gesting that the strain of maintaining adequate insulin secre-
tion when beta cell mass is reduced leads to exhaustion of the
cells. These experimental examples verify that the concept of
beta cell exhaustion is an important one and not one that our
data refute. Nonetheless, because inclusion of somatostatin
markedly inhibited glucose-induced insulin secretion under
our experimental conditions and yet failed to protect HIT cells
from losing insulin gene expression, the phenomenon we have
studied can be clearly differentiated from beta cell exhaustion.
Had beta cell exhaustion been the explanation for our results,
prevention of insulin secretion by somatostatin would have
protected HIT cells grown in 11.1 mM glucose and preserved
insulin gene expression (29).

In conclusion, we have demonstrated that the glucose toxic
effect induced by prolonged culturing of HIT cells in supra-
physiologic concentration of glucose is not only preventable by
culturing these cells in a low concentration of glucose, but also
is partially reversible by switching late passage cells that have
lost insulin gene expression to low concentrations of glucose.
Moreover, the evolution of this defect in insulin gene expres-
sion persists despite including somatostatin in the cultures
which inhibited glucose-induced insulin secretion. Thus, these
experiments differentiated glucose toxicity from beta cell ex-
haustion and point to the former as the mechanism for defec-
tive insulin gene expression. Interestingly, a minor component
of insulin gene transcription returned after switching our cells
to a low glucose media at passage 100. We interpret this to
mean that a small component of glucose desensitization and/or
beta cell exhaustion was also present because the terms “de-
sensitization” and “exhaustion” imply reversible phenomena
whereas “toxicity” implies damage and irreversibility (29).
These observations carry with them important clinical implica-
tions for Type II diabetes mellitus because patients with this
disease commonly live for many years in a state of only par-
tially corrected, constant hyperglycemia which may have sec-
ondary glucose toxic effects on the beta cell that could poten-
tially cause defective insulin gene expression and worsening of
the disease.
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