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The objective of this study was to determine whether the combination therapy of intrapancreatic autologous
stem cell infusion (ASC) and hyperbaric oxygen treatment (HBO) before and after ASC can improve islet
function and metabolic control in patients with type 2 diabetes mellitus (T2DM). This prospective phase 1
study enrolled 25 patients with T2DM who received a combination therapy of intrapancreatic ASC and peri-
infusion HBO between March 2004 and October 2006 at Stem Cells Argentina Medical Center Buenos
Aires, Argentina. Clinical variables (body mass index, oral hypoglycemic drugs, insulin requirement) and
metabolic variables (fasting plasma glucose, C-peptide, HbA1c, and calculation of C-peptide/glucose ratio)
were assessed over quartile periods starting at baseline and up to 1 year follow-up after intervention. Means
were calculated in each quartile period and compared to baseline. Seventeen male and eight female pa-
tients were enrolled. Baseline variables expressed as means ± SEs were: age 55 ± 2.14 years, diabetes dura-
tion 13.2 ± 1.62 years, insulin dose 34.8 ± 2.96 U/day, and BMI 27.11 ± 0.51. All metabolic variables
showed significant improvement when comparing baseline to 12 months follow-up, respectively: fasting
glucose 205.6 ± 5.9 versus 105.2 ± 14.2 mg/dl, HbA1c 8.8 ± 0.2 versus 6.0 ± 0.4%, fasting C-peptide 1.5 ±
0.2 versus 3.3 ± 0.3 ng/ml, C-peptide/glucose ratio 0.7 ± 0.2 versus 3.5 ± 0.3, and insulin requirements 34.8 ±
2.9 versus 2.5 ± 6.7 U/day. BMI remained constant over the 1-year follow-up. Combined therapy of intrapan-
creatic ASC infusion and HBO can improve metabolic control and reduce insulin requirements in patients
with T2DM. Further randomized controlled clinical trials will be required to confirm these findings.
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INTRODUCTION Several new therapies have appeared in the last 10
years for the treatment of T2DM, but the complication
rates have not decreased, and optimal glycemic controlA combination of insulin resistance and pancreatic β-

cell defects appear to be involved in the development is still elusive (19). New therapies that prevent β-cell
damage and/or lead to β-cell regeneration together withof type 2 diabetes mellitus (T2DM). Moreover, there is

growing evidence showing that the β-cell is central in achievable life style changes may prevent or ameliorate
T2DM and therefore decrease the incidence and progres-the development and/or progression of T2DM (35). It

has been demonstrated that glucotoxicity and lipotoxi- sion of chronic complications and improve the general
health and quality of life of patients with T2DM (9).city lead to increased β-cell apoptosis and affect insulin

secretion associated with an increase in oxidative stress Autologous stem cell therapies (ASC) are an emerg-
ing set of therapies with promising results and low sideand inflammation (45). This concept has stimulated the

search for new approaches of β-cell protection/regenera- effect profiles. They are easily accessible and have the
advantage of avoiding histocompatibility issues whiletion in T2DM treatment.
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maintaining the potential for differentiation into multiple tes Association criteria (13), were included. Patients
were otherwise healthy with no contraindications for hy-cell types. Recently, several observations suggest that

multipotential adult stem cells are capable of producing perbaric oxygen treatment such as: claustrophobia, lung
disease, upper respiratory tract disease, or seizure disor-a whole spectrum of cell types, regardless of whether or

not these tissues are derived from the same germ layer, der and with no contraindications for pancreatic arteri-
ography and/or bone marrow harvest such as: symptom-highlighting the opportunity to manipulate stem cells for

therapeutic use (26). Some adult stem cell therapies are atic cholecystitis, pancreatitis, or coagulopathy.
already in clinical trials for a variety of conditions, in-

Clinical Assessment and Follow-upcluding Crohn’s disease (20), myocardial infarction (17,
43,47), and graft-versus-host disease (15,44). Patients were assessed in a diabetic clinic over a pe-

riod of 1–3 months before the intervention. All patientsIn the setting of diabetes, embryonic and adult stem
cells have been induced to form insulin producing cells were recommended a 1500 calories diet and an exercise

routine (walking or similar for 45 min three times aand /or islet clusters in vitro (25,26,42,54,55). It has also
been shown that islet precursor cells exist within the week for the duration of the follow-up). Follow-up for

1 year after study intervention was performed every 3pancreas (6,10,23,33) and they can be induced to differ-
entiate into β-cells under the right circumstances (32). months. Age, gender, diabetes duration, number of med-

ications taken (including insulin, metformin, combina-Hyperbaric oxygen therapy (HBO) is a safe and non-
invasive modality that has been used in a variety of mal- tion of both, or other oral hypoglycemic drugs), body

weight and height, and insulin requirements were re-adies but primarily in the treatment of carbon monoxide
poisoning, air embolism, and enhancement of wound corded at baseline and during follow-up every 3 months.

Body mass index (BMI) was calculated by the formulahealing (1,21,50). Recently, HBO has been shown to in-
crease mobilization of stem cells and release of endothe- weight/height2 (kg/m2). Similarly, fasting plasma glu-

cose (enzymatic colorimetric method glucose oxidase/lial progenitor cells via a nitric oxide-dependent mecha-
nism (22,48). peroxidase), C-peptide (chemiluminescence assay), and

HbA1c (immunoturbidimetry method) were measuredWe hypothesized that ASC infusion accompanied by
peritransplant HBO could be a therapeutic option in and calculation of C-peptide/glucose ratio (CPGR) by

the formula C-peptide × 100/glucose was assayed toT2DM by leading to β-cell differentiation from existing
stem cells or providing stem cells to replace those that evaluate glycemic profile at the different time points.
are not differentiating adequately and reducing inflam-

Intervention Proceduresmation.
The primary objective of this pilot clinical trial was Hyperbaric oxygen treatment consisted of a total of

10 sessions; five daily sessions were conducted prior toto evaluate the safety of ASC–HBO combined therapy
in patients with T2DM and to determine whether this and after the stem cell infusion. During each 1-h session

patients were enclosed in a hyperbaric pressure chambertreatment could result in an improvement of metabolic
control with a subsequent reduction in HbA1c and im- (Multiplace Hypermed-Med, model 302) at a target

pressure of 2.3–2.5 atmospheres (minimum 2.0 atmo-proved β-cell function (C-peptide), leading to a decrease
in oral agents and/or insulin requirements. spheres) breathing 100% pure oxygen through a facial

mask.
PATIENTS AND METHODS All subjects received a daily dose of vitamin C 1000

Study Design mg and vitamin E 200 mg for up to 3 months after the
last intervention in order to minimize potential adverseBetween March 2004 and October 2006 a prospec-
effects of free oxygen radicals secondary to hyperbarictive, phase I, single arm study was conducted in patients
oxygen treatment.with T2DM at Stem Cells Argentina Medical Center in

Intrapancreatic autologous stem cells infusion wasBuenos Aires, Argentina. Patients underwent a com-
conducted upon completion of the first five hyperbaricbined intervention treatment that consisted of autologous
oxygen sessions. Patients underwent bone marrow har-intrapancreatic stem cell infusion and hyperbaric oxygen
vest under local anesthesia, using multiple bone marrowtreatment before and after the stem cell infusion. All
aspirations from both iliac crests. A minimum of 100 mlpatients provided informed consent before participating
and a maximum (target) of 375 ml of bone marrow werein the study and the study protocol was approved by the
mixed with anticoagulant (heparin) 20,000 units andlocal institutional review board.
preservative in a Quadruple Collection Bag (PL Rivero

Inclusion and Exclusion Criteria and Company S.A). If the target volume of 375 ml could
not be achieved, the difference was completed to up toPatients of both genders, older than 18 years old, di-

agnosed with T2DM according to the American Diabe- 375 ml by adding peripheral blood inside the bag.
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Bone marrow or mixed bone marrow and peripheral pancreatic artery without complications. BMI was ob-
tained during the entire follow-up in 23 patients. Thereblood was processed by centrifugation, gravity flow, and

the various bags of the quadruple bag system. The red was a decrease in mean BMI throughout the follow-up
but it did not reach statistical significance (BMI baselinecells were discarded in the second bag, the buffy coat

collected in the third bag, and the plasma and fat dis- 27.1 ± 0.5, 3 months 26.5 ± 0.5, 6 months 26.5 ± 0.6, 9
months 26.8 ± 0.7, and 12 months 27.0 ± 0.7, with acarded with the first bag. The buffy coat was washed

and resuspended in isotonic normal saline in the third p > 0.4 at all time points compared to baseline) (Fig. 1).
bag for the final product. This was transported for im-

Metabolic Parametersmediate infusion into the main arterial vessel supplying
the body and tail of the pancreas. Patients underwent Plasma Glucose. Mean fasting glucose levels showed
angiography of the celiac axis and splenic artery. In all a progressive reduction during follow-up in all patients
subjects a large vessel consistent with the dorsal pancre- with a maximal decrease in the fourth quarter (12
atic artery was identified, the catheter positioned at the months) after intervention (baseline 205.6 ± 5.9, 3 months
origin, and the cells infused by gravity over 20 min. 143.4 ± 6.9, 6 months 137.1 ± 7.8, 9 months 115.0 ±
Patency of the vessel was confirmed at the end of the 12.6, and 12 months 105.2 ± 14.2, with a p < 0.0001 at
procedure. Patients were monitored for amylase and li- all time points compared to baseline) (Fig. 2).
pase postprocedure. HbA1c. Mean HbA1c values also showed a progres-

sive reduction after intervention with a maximal de-Outcomes
crease in the fourth quarter (12 months) after interven-

The following variables were assessed: glycemic pro- tion (baseline 8.8 ± 0.2, 3 months 7.7 ± 0.2, 6 months
file measured by plasma glucose levels and HbA1c; β- 7.1 ± 0.2, 9 months 6.6 ± 0.3, and 12 months 6.2 ± 0.4,
cell function measured by basal C-peptide levels and with a p < 0.001 at all time points compared to baseline)
changes in insulin requirements and/or oral hypoglyce- (Fig. 3).
mic agents and BMI during follow-up.

Basal C-Peptide. Mean C-peptide levels increased
progressively with a maximal increase in the last quarterStatistical Analysis
(12 months) after intervention (baseline 1.5 ± 0.2, 3Clinical and laboratory variables were indexed by 3-
months 1.7 ± 0.2, 6 months 1.9 ± 0.2, 9 months 2.3 ±month periods (quartiles): baseline (data collected be-
0.3, and 12 months 3.3 ± 0.3, with a p < 0.04 in the thirdtween 50 days preinfusion and 7 days postinfusion), first
and fourth quarters compared to baseline (Fig. 4).quarter (3 months), second quarter (6 months), third

C-Peptide/Glucose Ratio. Mean CPGR levels in-quarter (9 months), and fourth quarter (12 months) fol-
creased progressively with a maximal increase in the lastlowing infusion of stem cells. For each variable under
quarter (12 months) after intervention (baseline 0.7 ±consideration, linear mixed models regression was fit to
0.2, 3 months 1.2 ± 0.1, 6 months 1.7 ± 0.2, 9 monthsthe data to estimate and compare mean response values
2.1 ± 0.2, and 12 months 3.5 ± 0.3, with a p < 0.003 infor all periods. This method of analysis generalizes lin-
the second, third, and fourth quarters compared to base-ear regression techniques, allowing for repeated obser-
line (Fig. 5).vations by taking into account correlation that exists

within observations from the same patient to more ap- Insulin Requirements. A progressive reduction in the
mean units per day of insulin (U/24 h) was observed inpropriately estimate variances used in tests of signifi-

cance. With this approach, we are able to estimate and all the patients that were taking insulin (n = 15) with a
maximal reduction occurring in the last quarter (12compare differences between time points of interest

(baseline vs. postinfusion periods). Results of continu- months) after intervention (baseline 34.8 ± 2.9, 3 months
21.6 ± 3.2, 6 months 14.8 ± 3.7, 9 months 7.9 ± 5.6, andous variables are expressed as mean ± SE. Values of p <

0.05 were considered significant. Analysis was per- 12 months 2.5 ± 6.7, with a p < 0.004 at all time points
compared to baseline) (Fig. 6).formed using SAS 9.1 software (SAS Institute Inc.,

Cary, NC). In 4/15 patients insulin was discontinued; two were
concomitantly taking metformin. In one the metformin

RESULTS dose was reduced from 1500 mg/day to 850 mg/day and
in the other it was maintained at a stable dose of 1700Twenty five Caucasian patients, 68% (n = 17) male,

between 36 and 74 years old (55.8 ± 2.14), were en- mg/day. In 81.8% (9/11) of the remaining patients the
reduction in the daily insulin dose was greater than 50%rolled in the study. Demographic characteristics and

baseline diabetic profile are shown in Table 1. All sub- of the preintervention dose. Only three patients had an
increase in oral hypoglycemic medications: the first pa-jects completed five hyperbaric oxygen daily sessions

pre- and postautologous stem cell infusion into main tient reduced insulin dose from 100 U/day to 15 U/day
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Table 1. Patients’ Demographic and Baseline Diabetic Profile

Variable n Mean Min Max SE

Clinical
Age (years) 25 55.8 36 74 2.1
T2DM duration (years) 25 13.2 3 32 1.6
BMI (kg/m2) 23 27.1 20.5 34.5 0.5
Insulin (U/day) 15 34.8 20 100 2.9
Metformin (mg/day) 13 708.0 850 2500 88.2
No. of oral medications preintervention 25 1.3 0 0 0.1

Laboratory
Plasma glucose (mg/dl) 25 205.0 116 350 6.7
HbA1c (%) 25 8.8 7.0 11.4 0.23
C-peptide 25 1.5 0.3 2.5 0.2

and metformin 1700 mg/day and glicazide 90 mg/day stable, decrease dose or fewer number of OHD. In these
17 patients, the same dose of OHD was maintained andwere added; the second patient reduced insulin dose

from 50 U/day to 24 U/day with the addition of repag- a reduction in insulin dose was observed in five of the
patients. The OHD dose was reduced or discontinuedlimide 2 mg/day and glicazide 90 mg/day; in the third

patient insulin dose was decreased from 48 U/day to 10 without increasing insulin dose in 10 patients. The re-
maining 2/17 patients were kept only on insulin withU/day with glicazide dose unchanged and addition of

rosiglitazone 8 mg. Of the other six patients, four were discontinuation of all OHD.
Postinfusion, the number or dose of OHD was in-also taking metformin and the dose was not changed,

one was taking glibenclamida 10 mg/day and it was dis- creased in 4/21 patients. Preintervention, 4/25 patients
were only on insulin therapy. Postintervention OHDcontinued, and in one patient metformin dose was re-

duced from 2000 mg/day to 1500 mg/day and gliben- were added in two of four patients with a decrease in
the dose of insulin. In the remaining two patients theclamide dose was discontinued.
dose of insulin was not changed.

Metabolic variables were measured in all patientsOral Hypoglycemic Drugs. At baseline 84% (21/25)
of the patients were taking oral hypoglycemic drugs (n = 25) at baseline, with n = 21 at 6 months, n = 12 at

9 months, and n = 10 at 12 months. The loss to follow-(OHD). Postinfusion, 17/21 (81%) of the patients had a

Figure 1. Body mass index changes. No significant changes in BMI over time were observed.
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Figure 2. Changes in fasting glucose over time. *p < 0.0001 in all comparisons between baseline and first, second, third, and fourth
quartiles.

Figure 3. Changes in hemoglobin A1c over time. *p < 0.001 in all comparisons between baseline and first, second, third, and
fourth quartiles.
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Figure 4. Changes in C-peptide levels over time. *p < 0.04 in comparison between baseline and third and fourth quartiles.

Figure 5. Changes in C-peptide glucose ratio over time. *p < 0.003 in comparisons between baseline and second, third, and fourth
quartiles.
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Figure 6. Changes in insulin daily requirements over time. *p < 0.004 in all comparisons between baseline and first, second, third,
and fourth quartiles.

up observed in last quartile was due to patient nonadher- in the mouse model of streptozotocin-induced diabetes
(24). In a similar study, multipotent stromal cells fromence.
human bone marrow infused into mice treated with

DISCUSSION streptozotocin resulted in higher levels of mouse insulin
and an increase in mouse islets and β-cells. It is not clearThis study shows a progressive and consistent reduc-

tion in plasma glucose and HbA1c with an increase in if this was due to cell protection or new cell formation
(31). Autologous stem cell infusion into the pancreaticC-peptide and CPGR over 1-year follow-up in conjunc-

tion with a decrease in the number and dose of oral artery has been described in diabetic rats in order to ob-
tain greater effect acting directly in the site of injury (2).agents and/or insulin. These findings suggest that autol-

ogous stem cell infusion combined with peri-infusion Studies in humans and mice have demonstrated that
HBO increases bone marrow nitric oxide synthase,hyperbaric oxygen treatment result in an improvement

in metabolic control and β-cell function. which leads to stem cell mobilization and release of en-
dothelial progenitor cells (EPC) (22,51). It is believedIt has been shown that islet precursor cells exist

within the pancreas (23). There is ongoing debate as to that these cells are attracted to sites of inflammation due
to local factors (cytokines, chemokines, etc.) and maywhether these cells originate from ductal tissue (6),

within the islets (33), or from an undefined location (10) be important for pancreatic islets repair after injury. If
the pathologic mechanisms that affect the islets in diabe-and if under the right circumstances they can be induced

to form β-cells. In some instances dedifferentiation and tes are compared to a type of maladaptive repair in the
setting of chronic injury, a potential mechanism of ac-redifferentiation into β-cells has been performed (32).

New applications of the infusion of autologous bone tion for the observed effects could be postulated. This
mechanism of action could center on EPC biology. Themarrow are currently developed either to tackle autoim-

munity (7,8,11,53) or to induce regeneration in diseases diabetic phenotype may be associated with multiple sites
of impairment in the EPC-mediated cascade of healinglike diabetes (5,52). Recent demonstrations have shown

important advances in bone marrow stem cells plasticity or repair responses. For example, endothelial nitric ox-
ide synthase phosphorylation within the bone marrowand their differentiation to β-cells. Animal studies have

shown that bone marrow-derived stem cells are capable of diabetic mice is impaired, potentially accounting for
decreased release of EPC from the bone marrow andof inducing endogenous pancreatic tissue regeneration
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reduced circulating EPC. In addition, those circulating It also could simply be an anti-inflammatory effect that
prevents the loss of β-cells and allows for recovery ofEPC may not be able to home to needed sites of repair

because of a diabetes-associated decreased in crucial their function. It is not known if the hyperbaric treat-
ment itself could be responsible for this by simply in-homing signals such as SDF-1a (18,22,37), and also the

circulating EPC may be intrinsically impaired in crucial creasing oxygen tension at the site of the lesion.
While HOT may result in low numbers of stem cellsbiological functions, such as migration and proliferation

(28,48,49). Thus, we speculate that our strategy to de- finding their way to the pancreas, it would seem logical
that infusing stem cells into the pancreatic artery wouldliver reparative stem cells intra-arterially and to activate

these cells via systemic in vivo HBO may be targeting increase the local level of stem cells/EPCs, resulting in
maximization of the effect described above. Diabetesmore than one crucial reparative step that counteracts

the chronic injuries that attack both the EPC and the islets has also been shown to impair progenitor cell mobiliza-
tion (14), another reason why local stem cell infusionin the diabetic phenotype. There is strong evidence to sug-

gest that HBO can potentially reverse at least one of the may be important to overcome this problem.
It is still too early to judge the effectiveness of thesethree diabetic-related EPC impairments (i.e., EPC mobili-

zation from the bone marrow by NOS activation) (18,22). therapies, and at this point there is a need to generate
randomized controlled studies. The fate of infused cellsMoreover, there is evidence that bone marrow stem cells

have an increased colony-forming capacity (CFC) when is uncertain, as they could either differentiate into the
desired tissues or, as preliminary evidence suggests,recovered subsequent to an in vivo HBO (22,51), suggest-

ing an activation effect on a key cellular intrinsic biologic simply provide the damaged tissues with trophic signals
that may promote their self-regeneration (9).behavior (CFC), induced by the HBO (51).

Numerous studies have shown that insulin resistance Our hypothesis is that the differentiation of local pro-
genitor cells or bone marrow stem cells into β-cells orprecedes the development of hyperglycemia in subjects

that eventually develop T2DM (36) and that T2DM only the decrease of inflammation in the pancreas leads to
increase C-peptide production and therefore improveddevelops in insulin-resistant subjects with the onset of

β-cell dysfunction, who are unable to sustain the β-cell metabolic control assessed by HbA1c measurement with
a secondary reduction in insulin and oral hypoglycemiccompensatory response (30,39,41).

Chronic hyperglycemia can result in a browning reac- drugs requirements.
It could be argued that a close follow-up, includingtion between glucose and the free amino acids on pro-

teins and other large biological molecules, resulting in diet, exercise, and intensive diabetes management, might
have had a positive effect on its own. However, no sig-the formation of advanced glycation end products (AGEs)

(16,46). AGEs are known to cause tissue damage through nificant changes in BMI were observed during follow-
up. Overall these results show that a close follow-upactivation of inflammatory mediators such as IL-1β, IL-

6, and TNF-α (4,38). In addition, AGEs have been im- with intensive diabetic management alone could not be
the only cause of the positive, progressive, and consistentplicated in diabetes complications but their role in islet

cell damage has not been established (3,27). outcomes obtained in this trial over 1-year follow-up.
No complications were observed during or after boneThere is evidence that nonimmune-mediated inflam-

matory pathways of β-cell damage occur in vitro in hu- marrow harvest, and autologous stem cell infusion and
normal pancreatic enzymes results were obtained afterman islets when exposed to hyperglycemia. Further-

more, chronically elevated glucose has been documented the procedure in all patients. During HBO sessions aural
barotrauma occurred in three patients, resolving in all ofto induce IL-1β production and expression of Fas recep-

tor in human islets in association with cell death (12,34). them by compensation maneuvers. No other reversible
complications secondary to oxygen toxicity were ob-However, this observation has not always been con-

firmed and it remains to be evaluated by in vivo experi- served.
In conclusion, in this pilot study involving 25 sub-ments whether nonimmune islet inflammation contrib-

utes to progressive β-cell demise (40,41). Recently, the jects with T2DM, significant benefits were noted with
improvements in glycemic control and C-peptide levelstreatment with interleukin-1 receptor blocker (anakinra)

has shown improvements in glycemia and β-cell secre- and reduction in insulin requirements. If these benefits
persist, the long-term complications of diabetes may betory function, as well as reduction of systemic inflam-

mation markers in T2DM patients (29). avoided, decreasing the morbidity and mortality of the
disease.As described above, it is well known that in T2DM

there is ongoing inflammation in the pancreas. We be- This phase I clinical trial of ASC in conjunction with
HBO in patients with T2DM has resulted in encouraginglieve that at the site of the lesion, mobilized stem cells/

EPCs will cause angiogenesis and release of factors that preliminary results that requires confirmation in a con-
trolled, randomized prospective trial.will result in the local differentiation of progenitor cells.
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