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Abstract

Objective—To characterize the metabolic phenotype of 2 cases of normal weight young women 

who developed type 2 diabetes (T2D), severe insulin resistance (insulin requirement >200 units/

day), marked hypertriglyceridemia (>2000 mg/dL), and hepatic steatosis beginning 9 years after 

undergoing total body irradiation (TBI) and bone marrow transplantation for childhood cancer.

Methods—Fasting plasma glucose, insulin, free fatty acids (FFAs), leptin, adiponectin, resistin, 

TNFα, and IL-6 were measured in each case and in 8 healthy women; Case 1 was also assessed 

after initiating pioglitazone. Coding regions and splice junctions of PPARG, LMNA, and AKT2 

were sequenced in Case 1 and of PPARG in Case 2 to evaluate for familial partial lipodystrophies. 

Genotyping of APOE was performed in Case 1 to rule out type III hyperlipoproteinemia.

Results—Both cases had elevated plasma levels of insulin, leptin, resistin, and IL-6, high-normal 

to elevated TNFα, and low to low-normal adiponectin in keeping with post-receptor insulin 

resistance and adipose tissue inflammation. Case 1 experienced a biochemical response to 

pioglitazone. No causative mutations for partial lipodystrophies or type III hyperlipoproteinemia 

were identified.

Conclusion—Though metabolic derangements have previously been reported in association 

with TBI, few cases have described insulin resistance and hypertriglyceridemia as severe as that 

seen in our patients. We speculate that early childhood TBI may impede adipose tissue 

development leading to metabolic complications from an attenuated ability of adipose tissue to 

accommodate caloric excess, and propose that this extreme metabolic syndrome be evaluated for 

as a late complication of TBI.
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INTRODUCTION

Survivors of childhood cancer are at increased risk for developing impaired glucose 

tolerance or type 2 diabetes (T2D), insulin resistance, and dyslipidemia (1–8). Such patients 

typically have a normal body mass index (BMI), but increased whole body adiposity, with 

preferential deposition in truncal depots (9). In some patients, endocrine sequelae to cancer 

and its treatment, including growth hormone deficiency, hypogonadism, and 

hypothyroidism, may contribute to these metabolic abnormalities (2,6,9,10); however, the 

most consistently demonstrated correlate of insulin resistance and dyslipidemia in childhood 

cancer survivors is prior total body irradiation (TBI), which is an effect independent from 

that of chemotherapy (1,4,6,8). In keeping with this, the risk for later development of overt 

T2D is particularly strong with TBI (8), with presentation a median of 9 years following 

exposure (4). Nevertheless, the reported insulin resistance and dyslipidemia in such patients 

with T2D are usually not severe.

Four patients have previously been described with insulin resistant T2D and moderate to 

severe hypertriglyceridemia 9 to 10 years after undergoing TBI as part of conditioning prior 

to bone marrow transplantation (BMT) for relapsed acute lymphocytic leukemia (ALL) (11–

13). We now detail 2 cases of severe insulin resistance with T2D and severe 

hypertriglyceridemia presenting 9 years after exposure to TBI, prior to autologous BMT for 

neuroblastoma in one case, and an allogeneic BMT for relapsed ALL in the second case. 

Adipokine and molecular genetic studies were undertaken in an attempt to elucidate the 

potential etiology of the severe insulin resistance and hypertriglyceridemia, and treatment 

with the peroxisome proliferator-activated receptor gamma (PPARγ) agonist pioglitazone 

was administered in the first case. We propose that this metabolic phenotype may be 

accounted for by TBI-induced attenuation of the ability of adipose tissue to accommodate 

caloric excess.

METHODS

Two adult survivors of childhood cancer who were previously treated with TBI and later 

developed a constellation of metabolic abnormalities which include T2D, severe insulin 

resistance, hypertriglyceridemia, and hepatic steatosis were referred to our diabetes clinic for 

evaluation. In both cases, fasting plasma adipokine analysis was performed to determine 

whether the severe insulin resistance was related to adipose tissue dysfunction or 

inflammation. Molecular genetic testing was done to exclude forms of familial partial 

lipodystrophies that also manifest severe insulin resistance and hypertriglyceridemia (14) 

and to evaluate for apoE variants that could predispose severe hypertriglyceridemia (15,16).

Adipokine Analysis

Fasting plasma was analyzed in Case 1 prior to and after 6 and 8 months of pioglitazone 

therapy, and in Case 2 at 5 years after presentation. Glucose was measured by the glucose 

oxidase method using an automated glucose analyzer (YSI 2300; Yellow Springs 

Instruments, Yellow Springs, OH); free fatty acids (FFAs) by enzymatic colorimetric assay 

(Wako Chemicals, Richmond, VA); insulin, leptin, and adiponectin by double antibody 

radioimmunoassay (Millipore, Billerica, MA); and resistin, TNFα, and IL-6 using enzyme-
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linked immunosorbent assays (ELISA; Millipore for resistin and R&D Systems, 

Minneapolis, MN, for TNFα and IL-6). All assays were performed in duplicate with results 

compared to those obtained from 8 healthy women who participated as control subjects in 

previous studies (17,18).

Molecular Genetic Analysis

Genetic testing was performed after obtaining written informed consent according to 

procedures approved by the research ethics committee in Cambridge, UK. In both cases 

lymphocyte DNA was extracted from whole blood, and in Case 2, who had undergone 

allogeneic BMT, DNA was also extracted from cheek epithelial cells. APOE and the familial 

partial lipodystrophy genes PPARG, LMNA, and AKT2 were sequenced in Case 1, and 

PPARG in Case 2. Primer pairs were designed to cover all coding exons and intron-exon 

boundaries of PPARG, AKT2, exons 8 to 12 of LMNA and exon 4 of APOE using Primer3 

software (sequences available on request). PCR was performed using Taq polymerase 

(Abgene), and PCR products were sequenced using Big Dye Terminator 3.1 DNA 

sequencing kit (Applied Biosystems).

RESULTS

Case Presentations

Case 1—An 18-year-old woman was referred with uncontrolled insulin resistant T2D and 

severe hypertriglyceridemia. She survived childhood neuroblastoma treated by partial 

resection and focal irradiation (1000 cGy), chemotherapy, TBI (1000 cGy), and autologous 

BMT between 3 and 4 years of age. Complications have included slipped femoral epiphyses, 

bilateral cataracts, short stature, and secondary oligomenorrhea. T2D was diagnosed at age 

12, with ensuing poor control (HbA1c>11%) despite increasing doses of insulin. At 17 years 

of age albuminuria was noted, and therapy was initiated with an angiotensin converting 

enzyme inhibitor. After initiating therapy with 1.25 mg of daily oral conjugated estrogens, 

triglyceride levels were noted to be elevated (1537 and 4077 mg/dL) with concomitant 

elevation of hepatic transaminases and ultrasonographic evidence of hepatic steatosis. 

Despite introduction of fish oil (up to 4 g daily), acute pancreatitis developed with elevated 

serum amylase (302 U/L; normal 30 to 100 U/L) and lipase (6035 U/L; normal 25 to 110 

U/L) at a time when serum triglycerides were 3893 mg/dL.

On examination, height was 147 cm, and weight 44.4 kg (BMI 20.5 kg/m2). Although no 

frank lipoatrophy was apparent, adipose deposition was more pronounced centripetally (Fig. 

1 A). There was flexural acanthosis nigricans and multiple acrochordons, most pronounced 

in the nuchal region (Fig. 1 B) and axillae. Eruptive xanthomata were present on the dorsal 

surface of the forearms and upper arms, and the liver was palpably enlarged at 18 cm in the 

mid-axillary line.

Salient chemistries from the onset of pancreatitis are summarized in Table 1. Serum 

creatinine, electrolytes, complete blood count, and thyroid function tests were normal. The 

serum C-peptide while receiving exogenous insulin was 5.7 ng/mL (normal limit: 0.8 to 3.5 
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ng/mL). Anti-nuclear antibodies and antibodies directed against glutamic acid 

decarboxylase, islet cell antigen, and insulin were negative.

A low-fat diet was initiated, oral estrogens were discontinued, and fenofibrate 145 mg daily 

was added; however, the patient’s triglyceride levels continued to exceed 1000 mg/dL. 

Glycemic control was attempted in the hospital by increasing doses of glargine insulin to 50 

units at bedtime and aspart insulin to 60 units with meals. Several months later, triglyceride 

levels remained under 1500 mg/dL, but levels below 1000 mg/dL were seen only when the 

HbA1c was 10% or below, with a nadir of 680 mg/dL. The total cholesterol remained above 

300 mg/dL.

Approximately 14 months after the episode of pancreatitis, insulin therapy was changed to 

regular U-500 insulin injected 2–4 times daily (19), and HbA1c improved from >11% to 

around 10%. Because glycemic and lipemic control remained inadequate, at 24 months after 

pancreatitis pioglitazone was initiated at 15 mg daily for 2 months, and then increased to 30 

mg daily. Two months later, the HbA1c had decreased to 7.8%, serum triglycerides to 220 

mg/dL, and total cholesterol to 210 mg/dL, and serum transaminases had normalized. The 

patient decreased the number of insulin doses to 2 to 3 times daily, in part due to 

hypoglycemia.

Case 2—A 22-year-old woman was referred with uncontrolled insulin resistant T2D and 

severe hypertriglyceridemia. She survived childhood ALL treated with chemotherapy 

between 3 and 6 years of age. At 7 years, she experienced a central nervous system relapse 

treated with focal irradiation and chemotherapy, TBI (unknown dose), and allogeneic BMT 

from an HLA identical sibling. The transplant was complicated by cutaneous graft-versus-

host disease (GVHD) that resolved at age 11. Serum levels of hepatic transaminases were 

elevated, and a liver biopsy documented the presence of hepatic steatosis. Additional 

complications included bilateral cataracts, short stature, and secondary oligomenorrhea. At 

14 years of age, albuminuria was noted, and a kidney biopsy showed chronic 

glomerulonephritis. At age 16, T2D was diagnosed, and was poorly controlled (HbA1c 

>11%) despite increasing doses of insulin therapy to glargine 60 units at bedtime and aspart 

55 units with meals. At age 19, therapy with an angiotensin converting enzyme inhibitor was 

initiated to control albuminuria. Primary hypothyroidism was corrected with 125 μg of 

levothyroxine daily. Oligomenorrhea was treated with 0.625 mg daily oral conjugated 

estrogens (days 1 through 21 each month) and 10 mg daily oral medroxyprogesterone (days 

17 through 21 each month).

On examination, height was 160 cm, and weight 57.3 kg (BMI: 22.4 kg/m2). There was a 

preponderance of central adiposity, but no regions of frank lipoatrophy. There was 

acanthosis nigricans and numerous acrochordons over the chest, abdomen, shoulders, and 

back. There was no evidence of thyroid or liver enlargement.

Salient chemistries are summarized in Table 2. Serum creatinine, electrolytes, thyroid 

function tests, and urinary free cortisol were normal, while blood count and evaluation of 

iron status revealed iron deficiency anemia, attributed to menorrhagia caused by a uterine 

fibroid, which was surgically removed. There were no detectable anti-insulin antibodies.
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Oral estrogen and progesterone were changed to transdermal ethinyl estradiol 20 μg and 

norelgestromin 150 μg daily (days 1 through 21 each month), ezetimibe 10 mg daily was 

added by another physician provider and subsequently changed to fenofibrate and fish oil, 

and insulin was converted to multiple daily injections of U-500 insulin (19), with subsequent 

improvement in serum triglycerides to around 500 mg/dL, and HbA1c to around 7%. Despite 

this, pancreatitis developed with elevated serum levels of amylase (525 U/L; normal: 30 to 

110 U/L) and lipase (>4000 U/L; normal: 10 to 230 U/L), and was attributed to relapsed 

hypertriglyceridemia. The dose of fenofibrate was increased from 48 to 145 mg daily.

Adipokine Analysis

The patients studied were similar in age and BMI to the female control subjects (Table 3). In 

both cases, insulin levels were dramatically elevated, indicating adherence to the prescribed 

insulin regimen. FFAs were in the normal range in Case 1 and markedly elevated in Case 2 

despite hyperinsulinemia. In both cases, leptin was elevated and adiponectin was low to low-

normal. Both patients also exhibited elevated resistin, high-normal to elevated TNFα, and 

elevated IL-6 levels. In Case 1, following initiation of pioglitizone therapy plasma levels of 

leptin and adiponectin increased, resistin was unchanged, and TNFα and IL-6 decreased.

Molecular Genetic Analysis

Coding regions and splice junctions of PPARG, LMNA, and AKT2, were wild-type in Case 

1; however, she was heterozygous for the PPARG Pro12Ala polymorphism. This 

polymorphism was not detected in Case 2, who was wild-type for PPARG in DNA extracted 

from both whole blood and cheek epithelial cells. APOE genotyping confirmed that Case 1 

expressed the wild-type isoform, apolipoprotein E3 ruling out type III 

hyperlipoproteinaemia.

DISCUSSION

Our 2 patients presented with severe insulin resistance and hypertriglyceridemia 9 years 

after undergoing TBI prior to either autologous BMT for neuroblastoma or allogeneic BMT 

for relapsed ALL. Previous studies have established an association between treatment of 

childhood cancers with TBI (as part of conditioning prior to BMT) and the development of 

impaired glucose tolerance and dyslipidemia (4,6,8); however, few cases have been 

described where insulin resistance and hypertriglyceridemia is as severe as that seen in our 

patients (11–13). In the 4 previous patients described with overt T2D and marked 

hypertriglyceridemia, the presentation occurred around 9 years after therapy, in keeping with 

this report. The elevated C-peptide levels reported here and by others (12,13) offer support 

for the dominant metabolic problem in this setting being insulin resistance rather than β-cell 

failure, which has been reported after abdominal radiation therapy (20). In fact, the case 

reported by Tahrani and colleagues (12) exhibited a supranormal β-cell secretory response to 

intravenous glucagon, and an HbA1c of approximately 7% was attained with sulfonylurea 

therapy alone. In the case described by Rooney and Ryan (13), there was sclerodermatous 

GVHD resulting in marked loss of fat from the extremities. Other reports, however, have not 

associated GVHD with insulin resistance in childhood cancer survivors (6), and in fact our 

Case 1 is the first reported to develop severe insulin resistance and hypertriglyceridemia in 
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the context of a previous autologous BMT, precluding GVHD. Thus, conditioning with TBI 

remains implicated as the most important risk factor for the severe insulin resistance and 

hypertriglyceridemia we describe.

We must acknowledge that the degree of hypertriglyceridemia initially seen in both of our 

cases was exacerbated by uncontrolled diabetes and oral estrogen use. Nonetheless, 

hypertriglyceridemia remained poorly controlled in both cases despite the discontinuation of 

oral estrogen, institution of high-dose fibrate therapy, and in Case 2, reasonably well-

controlled glycemia. In Case 1 it was only after the introduction of pioglitazone that both 

reasonable lipemic and glycemic control was achieved. In the 2 cases reported by Amin and 

colleagues (11), the first was a male patient whose measured triglycerides were in excess of 

what we have ourselves reported, and while simultaneous measurement of the HbA1c was 

not done when the triglycerides exceeded 5000 mg/dL, the second was a female patient 

whose triglycerides were over 1000 mg/dL when the HbA1c was 7.0%. Furthermore, the 

wild-type apolipoprotein E in our Case 1 offers additional evidence against estrogen therapy 

or hyperglycemia exacerbating type III hyperlipoproteinemia as a sufficient explanation for 

these patients’ severe hypertriglyceridemia.

The pathogenesis of severe insulin resistance and hypertriglyceridemia following childhood 

TBI has not been definitively established. However, the metabolic phenotype including 

marked hepatic steatosis we have reported bears close similarities to that seen in severe 

obesity or partial lipodystrophies (21), and is quite at odds to the metabolic phenotype 

caused by congenital or acquired loss of insulin receptor function (22,23). In both these 

situations it has been argued that failure of adipose tissue to store dietary calories, either 

through manifest lack of adipose tissue in the case of lipodystrophy, or overload of adipose 

tissue, as in some severe obesity, leads to ectopic lipid accumulation with consequent severe 

hepatic steatosis, hypertriglyceridemia, and insulin resistance. Neither of our patients had 

frank lipodystrophy; moreover, we excluded genetic defects described in familial partial 

lipodystrophies in Case 1, and although the common PPARγ Pro12Ala polymorphism was 

present, it was not detected in Case 2. While it remains possible that an unidentified genetic 

factor accounted for the severity of our patients’ insulin resistance and hypertriglyceridemia, 

we believe this disorder is best explained as an acquired consequence of exposure to TBI in 

childhood.

Recent elegant use of radiocarbon dating, based on opportunistic exploitation of the defined 

historical window of atmospheric atomic bomb testing, has demonstrated that adipocyte cell 

number is set during childhood and adolescence and stays essentially static throughout adult 

life, although around 8% of cells turn over each year (24). This is important because lower 

numbers of adipocytes correlate with adipocyte hypertrophy (25), which, in turn, has been 

shown in many studies to correlate well with insulin resistance and to predict future diabetes 

(26,27). It follows from these observations that exposure to a cytotoxic therapy in childhood 

might deplete the population of preadipocytes available for later recruitment to the adipocyte 

pool, and thus program a high risk of later insulin resistance. Direct evidence for this has 

been provided by animal studies. Exposure of female ob/ob mice to 8 Gy of TBI followed 

by transplantation with syngeneic or wild-type bone marrow (28) did not reduce 

hyperphagia; however, reduced weight consequent to impaired accumulation of fat, but not 
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lean, body mass was seen. Despite this reduction in body fat, treated mice had more severe 

insulin resistance and hepatic steatosis than untreated control ob/ob animals. Morphometric 

analysis of adipocyte size indicated a reduced proportion of small adipocytes in irradiated 

animals, and gene expression in adipose tissue revealed reduction in the preadipocyte 

marker MCP-1. Collectively these data support the model of impaired preadipocyte 

differentiation in irradiated animals leading to constrained adipose tissue expansion and 

function (28).

We provide some supportive evidence that adipose tissue dysfunction is at play in our 

patients. Reduced adiponectin and elevated leptin, resistin, TNFα, and IL6 are in keeping 

with post-receptor insulin resistance and adipose tissue inflammation, which is now well 

recognized to occur in metabolically unhealthy obesity and partial lipodystrophy (21). 

Histologically, this is usually correlated in cases of severe adipose tissue stress by enlarged 

adipocytes and the presence of macrophages in adipose tissue, often surrounding dying, 

perilipin-negative adipocytes to form so-called “crown-like structures” (29). We suggest that 

future studies concentrate on assessing adipocyte size and adipose histology in 

femorogluteal depots in patients with insulin resistance following TBI. This growing 

evidence that childhood TBI, and perhaps other cytotoxic therapies, may program high risk 

for later adipose insufficiency, insulin resistance, and dyslipidemia, has relevance to clinical 

practice. We suggest that assessment targeted at the evolving metabolic phenotype, 

especially around puberty and beyond, should be an important facet of “late effects” 

endocrine practice.

Finally, our limited experience suggests that pioglitazone may be effective in this setting. 

After Case 1 initiated treatment with pioglitazone, both glycemic and lipemic control 

improved dramatically. While the near normalization of serum triglycerides may be 

attributed in part to the improved glycemic control, benefit may also have been derived from 

direct effects of pioglitazone on adipocyte function. Pioglitazone activates PPARγ, the 

master regulator of preadipocyte differentiation to adipocytes, and thus is a very rational 

treatment in conditions where attenuated preadipocyte recruitment is the root problem. 

PPARγ agonists also increase expression of adiponectin and decrease expression of pro-

inflammatory cytokines such as TNFα and IL-6, effects that likely contribute to improving 

systemic insulin sensitivity and reducing hepatic steatosis (30). In Case 1, clinical 

improvement on pioglitazone was associated with increases in leptin and adiponectin and 

decreases in TNFα and IL-6. These results are similar to those reported for familial partial 

lipodystrophy (31,32) where PPARγ agonists may produce marked benefits. Future 

comparative trials are warranted to determine optimal therapy for patients with T2D and 

severe insulin resistance and hypertriglyceridemia following TBI.

CONCLUSION

In conclusion, this study found that exposure to TBI in early childhood may impede adipose 

tissue development, leading to metabolic complications from an attenuated ability of adipose 

tissue to accommodate caloric excess. Therefore, this extreme metabolic syndrome should 

be evaluated for as a late complication of TBI later in adulthood.
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ALL acute lymphocytic leukemia

BMI body mass index

BMT bone marrow transplantation

ELISA enzyme-linked immunosorbent assay

FFAs free fatty acids

GVHD graft-versus-host disease

HbA1c hemoglobin A1c

PPARγ peroxisome proliferator-activated receptor gamma

TBI total body irradiation

T2D type 2 diabetes
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Fig. 1. 
A. Slight predominance of facial and truncal adiposity without lipoatrophy. B. Flexural 

acanthosis nigricans and acrochordons (skin tags).
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