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Introduction
Black women experience disproportionately high rates of  cardiometabolic disease and abnormal glucose 
tolerance (a term which encompasses both prediabetes and diabetes) (1, 2). As high rates of  undiagnosed 
diabetes remain prevalent across populations of  African ancestry, early risk recognition and effective 
implementation of  prevention programs are paramount for reducing this chronic disease burden (3–5). 
Although there are multiple social and economic factors that contribute to these high undiagnosed rates, an 
important, underappreciated reason for these rates in populations of  African ancestry may be the reduced 
sensitivity of  fasting screening tests (3). Specifically, the fasting plasma glucose concentration (FPG) is a 
well-recognized screening tool (6, 7), but its diagnostic and predictive ability for abnormal glucose toler-
ance appears to vary by race (3). In the US, the prevalence of  fasting hyperglycemia was approximately 
30%–40% lower in Black adults compared with that in White adults, and the variance was not explained by 
differences in overall glycemia, age, sex, or BMI (8, 9). Similarly, if  FPG was used alone to diagnose diabe-
tes, the diagnostic sensitivity was only approximately 50% in US Black adults but >85% when used in the 
entire adult cohort (10). This reduced diagnostic accuracy of  FPG in diabetes has also been demonstrated 
in other Black populations, including African immigrants living in the US, Afro-Caribbeans, and native 
Africans living in sub-Saharan Africa (11–13).

The low prevalence rates of  fasting hyperglycemia are also related to a low prevalence of  2 other tra-
ditional hepatic risk markers for diabetes (fasting hypertriglyceridemia and increased hepatic fat content) 
across Black populations around the world (14–20). The presence of  these 3 risk factors predicts a faster 
decline in glucose tolerance, especially among individuals of  European ancestry (21). Contrary to this 
paradigm, the relationship between these 3 traditional risk markers and whole-body insulin resistance is 
altered in Black populations — Black populations have high rates of  whole-body insulin resistance and 

Black women, compared with White women, have high rates of whole-body insulin resistance but 
a lower prevalence of fasting hyperglycemia and hepatic steatosis. This dissociation of whole-
body insulin resistance from fasting hyperglycemia may be explained by racial differences in 
gluconeogenesis, hepatic fat, or tissue-specific insulin sensitivity. Two groups of premenopausal 
federally employed women, without diabetes were studied. Using stable isotope tracers, [2H2O] and 
[6,62-H2]glucose, basal glucose production was partitioned into its components (gluconeogenesis 
and glycogenolysis) and basal whole-body lipolysis ([2H5]glycerol) was measured. Indices of insulin 
sensitivity, whole-body (SI), hepatic (HISIGPR), and adipose tissue, were calculated. Hepatic fat 
was measured by proton magnetic resonance spectroscopy. Black women had less hepatic fat 
and lower fractional and absolute gluconeogenesis. Whole-body SI, HISIGPR, and adipose tissue 
sensitivity were similar by race, but at any given level of whole-body SI, Black women had higher 
HISIGPR. Therefore, fasting hyperglycemia may be a less common early pathological feature of 
prediabetes in Black women compared with White women, because gluconeogenesis remains 
lower despite similar whole-body SI.
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abnormal glucose tolerance but low or normal levels of  fasting glucose, serum triglycerides, and hepatic 
fat (18). Moreover, these findings are observed across multiple populations of  African ancestry (14–20), 
which suggests there maybe racial/ethnic variation in the development of  fasting hyperglycemia and 
tissue-specific insulin resistance.

Yet, there is a relative absence of  studies that have detailed the relationship between hepatic and periph-
eral insulin sensitivity, and the few results have contradicting conclusions (22–25). For example, two studies 
observed lower (22, 23) hepatic insulin sensitivity in Black women compared with White women, while 
one study identified higher (25) and another identified no differences (24) in insulin clamp measures of  
hepatic insulin sensitivity. Additionally, none of  these analyses assessed hepatic relative to whole-body 
insulin sensitivity or hepatic risk markers. Therefore, at present, there is no consensus on why Black popu-
lations have lower prevalence rates of  fasting hyperglycemia and lower hepatic fat but higher whole-body 
insulin resistance.

This study was designed to elucidate the mechanisms underlying the lower prevalence of  fasting hyper-
glycemia and the relationship of  hepatic to whole-body insulin sensitivity among Black and White women. 
During the normal postabsorptive state, glucose concentrations (70–99 mg/dl) are closely regulated by a 
network of  neural, hormonal, and intracellular factors (26, 27). In the presence of  risk factors, such as obe-
sity, disruption of  this neurohormonal network regulation causes fasting hyperglycemia and increased rates 
of  both components of  hepatic glucose production: (a) higher rates of  gluconeogenesis; and (b) resistance 
to insulin-mediated suppression of  glycogenolysis (28–30). We hypothesized that the lower prevalence of  
fasting hyperglycemia in Black women would be secondary to racial differences in the regulation of  hepatic 
relative to whole-body insulin sensitivity and reflect pathophysiological distinctions in the development of  
increased hepatic glucose production. Our objectives were to compare by race rates of  gluconeogenesis and 
glycogenolysis and to determine the relationship of  hepatic to whole-body insulin sensitivity and hepatic fat 
in overweight/obese premenopausal Black and White women.

Results
Participant characteristics. Participant demographic and metabolic characteristics are depicted in Table 1. 
Black and White women were similar in age, and there were no group differences in BMI, waist circumfer-
ence, total body fat, or lean body mass (LBM) (all P > 0.1). Body fat distribution differed by group; Black 
women had significantly lower visceral and hepatic fat content (P < 0.05). The prevalence of  prediabetes was 
similar by race: 17% Black (n = 4 of  24) and 18% White (n = 4 of  22). Among the 8 women with prediabetes, 
there were no differences in age, BMI, waist circumference, or total body fat; however, hepatic fat content 
was lower in Black women compared with that in White women (P < 0.05, Supplemental Table 1; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.121495DS1). All 4 
White women and only 1 of  the 4 Black women with prediabetes had fasting hyperglycemia.

Basal hormone and substrate concentrations. Steady-state basal hormone concentrations were obtained 
after a 10- to 12-hour overnight fast. Basal glucose (92.1 ± 1.5 mg/dl vs. 93.0 ± 1.2 mg/dl), insulin (11.6 
± 1.5 μU/ml vs. 10.6 ± 1.1 μU/ml), C-peptide (2.0 ± 0.2 ng/ml vs. 2.4 ± 0.2 ng/ml), glucagon (6.1 ± 
0.6 pmol/l vs. 6.3 ± 0.6 pmol/l), lactate (258.0 ± 15.4 μM vs. 273.2 ± 15.4 μM), and glycerol (5.92 ± 
0.4 μg/ml vs. 6.64 ± 0.3 μg/ml) concentrations were similar in Black and White women (all P > 0.05). 
The ratios of  basal concentrations of  insulin/glucagon and C-peptide/glucagon were not different by 
race (data not shown). Individual fasting fatty acid concentrations, measured by high-resolution liquid 
chromatography mass spectrometry (μg/ml), of  myristic acid, myristoleic acid, palmitic acid, palmi-
toleic acid, and oleic acid were lower in Black versus White women (Figure 1, A–F, all P ≤ 0.01), while 
total fasting free fatty acid (FFA) concentrations, measured by in vitro enzymatic colorimetric assay 
(mEq/l), tended to be lower in Black versus White women (Figure 1G, P = 0.09). The stearoyl Co-A 
desaturase (SCD-116) index, an indicator of  hepatic de novo lipogenesis, calculated as the plasma ratio 
of  palmitoleic to palmitic acid, was also lower in Black versus White women (Figure 1H, P ≤ 0.01). 
There were no differences in concentrations of  lauric, stearic, linoleic, arachidonic, eicosapentaenoic, 
or docosahexaenoic acids between the two groups (P ≥ 0.10).

Energy intake, energy expenditure, and substrate utilization. Total daily energy intake and macronutrient 
composition, obtained from 3- to 7-day food records, did not differ between the two groups of  women 
(Supplemental Table 2). Similarly, total, sedentary, and moderate-to-vigorous habitual physical activity, 
objectively assessed by a 5- to 7-day accelerometer, were similar in both groups (Supplemental Table 3).
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Indirect calorimetry was performed during the basal steady-state period of  the overnight study. In 
Black women, resting energy expenditure (REE) was 136 ± 63 kcal·day–1 or 3.6 kcal·kg–1

LBM·day–1 lower 
and respiratory quotient (RQ) was 0.04 ± 0.01 higher compared with those of  White women (Table 1, P < 
0.05). In the 34 women with urinary nitrogen available, we calculated basal substrate oxidation rates. Black 
women had lower lipid oxidation rates (138 ± 6 vs. 159 ± 8 mg·min–1, P = 0.04) but no significant difference 
in glucose oxidation rates (111 ± 12 vs. 90 ± 9 mg·min–1, P = 0.20).

Kinetic measurements. Using intravenous infusions of [6,6-2H2]glucose, [2H5]glycerol intravenous infusions, 
rates of glucose and glycerol turnover (Ra) were calculated under near steady-state conditions (–30 to 0 min-
utes). Fractional gluconeogenesis (the fraction of new glucose made overnight) was calculated using deuterated 
water (2H2O) and the average deuterium technique (see Methods). The isotopic enrichments of [6,6-2H2]glu-
cose, [2H5]glycerol, average 2H per glucose carbon and 2H in body water under substrate, and isotopic steady-
state conditions are given in Supplemental Table 4. Rates of fractional gluconeogenesis, glucose Ra, and abso-
lute gluconeogenesis were 9% lower in Black women (Figure 2, P ≤ 0.01). Total rates of glucose production, 
the glucose Ra corrected for the tracer infusion rates, tended to be lower in Black compared with White women 
(2.52 ± 0.07 vs. 2.71 ± 0.06 mg·kgLBM

–1·min–1, P = 0.05). There were no significant differences in the rates 
of glycogenolysis or glycerol Ra (Figure 2B). The racial differences in glucose Ra and gluconeogenesis were 
observed when women without prediabetes were analyzed separately (P < 0.05, data not shown). Similarly, in 
the 8 women with prediabetes, absolute rates of gluconeogenesis tended to be lower in Black women compared 
with White women (P = 0.08), but rates of glucose production, fractional gluconeogenesis, glycogenolysis, and 
glycerol Ra were similar (P ≥ 0.14, Supplemental Table 1).

Overall, fractional gluconeogenesis tended to or positively correlated with individual fatty acids, myris-
tic acid, myristoleic acid, palmitic acid, palmitoleic acid, oleic acid, total FFA, and the SCD-116 index (all 
r ≥ 0.30), but not with stearic acid (Figure 3, r = 0.10). There was no correlation between fractional gluco-
neogenesis and whole-body SI, glycerol concentrations, glycerol Ra, liver fat, or visceral fat (all r = 0.10, P 
> 0.05). Rates of  glucose production positively correlated with REE (r = 0.40, P < 0.01) but not with RQ (r 
= 0.16, P < 0.48), rates of  lipid oxidation (r = –0.10, P = 0.61), or steady-state fasting glucose (r = 0.14, P 
= 0.33), and these relationships did not differ by race. To determine if  the lower REE may have contributed 

Table 1. Participant characteristics

Variable Black (n = 24) White (n = 22) P value
Age (yr) 37 ± 1 37 ± 2 0.93
BMI (kg/m2) 32.5 ± 1.1 32.4 ± 1.0 0.90
Waist circumference (cm) 95.8 ± 2.7 101.6 ± 2.7 0.14
Body composition and fat distribution
Total fat mass (kg) 37.4 ± 2.3 38.6 ± 1.8 0.67
Total lean body mass (kg) 51.6 ± 1.1 50.7 ± 1.5 0.65
Visceral fat (cm3) 58 (31–111) 105 (78–132) 0.02A

Hepatic fat (%) 0.6 (0.5–1.2) 1.6 (0.7–3.4) 0.01A

Metabolic characteristics
Prediabetes, n (%) 4 (17) 4 (18) 0.89
Fasting hyperglycemia only, n (%) 0 (0) 2 (10) 0.13
Impaired glucose tolerance only, n (%) 3 (13) 2 (10) 0.89
Fasting glucose (mg/dl) 90.8 ± 1.3 92.4 ± 1.3 0.39
2-Hour glucose (mg/dl) 119.7 ± 4.2 124.0 ± 4.6 0.48
Fasting insulin (mU/l) 10.5 (5.4–15.1) 9.5 (7.4–15.6) 0.92A

Fasting triglyceride (mg/dl) 51 (39-68) 69 (56–100) <0.01A

Fasting triglyceride: HDL ratio 1.1 ± 0.12 1.6 ± 0.19 0.03
Basal energy expenditure
REE (kcal·day–1) 1,375 ± 50 1,511 ± 39 0.04
REE (kcal·kg–1

LBM·day–1) 28.5 ± 1.0 32.1 ± 1.0 0.01
RQ 0.87 ± 0.01 0.83 ± 0.01  <0.01

Data are presented as mean ± SEM, median (25th–75th percentile), or n (%). ANatural log-transformed variable used. Groups were compared using unpaired 
Student’s t tests. REE, resting energy expenditure; RQ, respiratory quotient.
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to the differences in gluconeogenesis observed, we adjusted the rates of  glucose production and gluconeo-
genesis for the REE and the results did not change (data not shown).

Insulin sensitivity and response. Table 2 illustrates the comparison of  whole-body, hepatic, and adipose tis-
sue insulin sensitivity indices by race. Whole-body SI was calculated during an unlabeled insulin-modified 
frequently sampled intravenous glucose tolerance test (IM-FSIGT); adipose tissue insulin sensitivity was 
calculated as the product of  glycerol Ra and steady-state insulin concentrations; and hepatic insulin sensi-
tivity (HISIGPR) was calculated as the product of  glucose production rate and steady-state insulin concentra-
tions. Using unpaired t tests to compare means in Black and White women, whole-body SI, HISIGPR, and 
adipose tissue insulin sensitivity indices were not different (Table 2). To determine the relationship between 
HISIGPR and whole-body SI, we used a linear regression model with race as a covariate. Black women had 
higher HISIGPR at any given level of  whole-body SI compared with White women (β = 11.8; 95% CI: 3.1, 

Figure 1. Individual fatty acid concentra-
tions and stearoyl Co-A desaturase activity 
by race. Tukey box-and-whisker plots of (A) 
myristic acid, (B) myristoleic acid, (C) palmitic 
acid, (D) palmitoleic acid, (E) stearic acid, (F) 
oleic acid, (G) total free fatty acid (FFA), and 
(H) SCD-116 index in Black (gray, n = 24) and 
White (white, n = 22) women. Top and bot-
tom box limits represent the 75th and 25th 
percentile, respectively; midlines represent 
the median; and top and bottom whiskers 
represent the 75th percentile plus 1.5 of 
the interquartile range (IQR) and the 25th 
percentile minus 1.5 IQR, respectively. Black 
dots represent any values that lie outside the 
range of the whiskers. Individual fatty acid 
concentrations were measured by high-reso-
lution liquid chromatography mass spectrom-
etry. The stearoyl Co-A desaturase 1 activity 
(SCD-116) index is an indicator of hepatic de 
novo lipogenesis, calculated as the plasma 
ratio of palmitoleic to palmitic acid. Groups 
were compared by unpaired Student’s t test.

https://doi.org/10.1172/jci.insight.121495
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20.4; adjusted R2 = 0.64; P < 0.01; Figure 4A). There was no interaction between whole-body SI and race 
(P > 0.50). HISIGPR negatively correlated with hepatic risk markers, hepatic fat (Figure 4B) as well as vis-
ceral fat, and fasting triglyceride concentrations, with no difference in these associations by race (Table 3).

During the IM-FSIGT, two measures of  insulin response were derived: the acute insulin response to 
glucose (AIRg) and the disposition index (DI) calculated as AIRg × SI. Black women compared with White 
women had higher AIRg (715 [range, 577–1,430] mU·l–1·min–1 vs. 540 [range, 395–722] mU·l–1·min–1, 
median [25th–75th percentile], P = 0.02) and DI (1,776 [range, 1,241–2,354] vs. 1,438 [range, 991–1,817], 
P = 0.04).

Discussion
This study provides insight into racial differences in the prevalence of  fasting hyperglycemia by comparing 
the components of  hepatic glucose production (gluconeogenesis and glycogenolysis) and the relationship 
of  hepatic insulin sensitivity to whole-body SI in Black and White premenopausal women. We demonstrat-
ed that Black women had lower basal rates of  gluconeogenesis compared with White women, despite simi-
lar whole-body SI (Figure 2). Since rates of  glycogenolysis were comparable between the two groups, lower 
glucose production was secondary to lower fractional and absolute rates of  gluconeogenesis. Moreover, 
approximately 10% lower rates of  gluconeogenesis were observed, even though basal insulin concentra-
tions and the incidence of  prediabetes were similar between Black and White women.

These observations support our hypothesis that there are racial differences in gluconeogenesis and 
have important pathophysiological implications. Lower rates of  gluconeogenesis observed in Black women 
were associated with normal fasting glucose concentrations, despite a similar prevalence of  prediabetes 
and impaired glucose tolerance. Thus, increased gluconeogenesis, a well-established early pathological fea-
ture of  diabetes, was uncommon in Black women who were overweight or obese, elucidating a potential 
mechanism to explain why FPG is a poor early marker of  prediabetes in populations of  African ancestry 
(11–13). While these findings could help to explain the lower prevalence of  fasting hyperglycemia observed 
in epidemiological studies of  populations of  African ancestry (8, 9), our cohort of  women with prediabetes 
was small and larger studies are needed for confirmation.

Past analyses that have attempted to explain the lower prevalence of  fasting hyperglycemia in Black 
individuals have not examined the components of  hepatic glucose production or its relationship with 
hepatic and whole-body insulin sensitivity (22–25). Our findings of  lower basal rates of  gluconeogenesis 
and higher HISIGPR at any given whole-body SI contrast with findings of  two previous studies that identified 
lower hepatic insulin sensitivity in Black women compared with White women (22, 23). However, these 
two studies were limited by between-group heterogeneity in basal insulin concentrations, while, in the cur-
rent study, the comparisons by race were not conflated by differences in body composition or insulin resis-
tance. Moreover, our results of  higher HISIGPR for a given whole-body SI are in agreement with two other 

Figure 2. Basal rates of glucose and glycerol turnover in Black and White women. Using stable isotope tracers after a 10- to 12-hour overnight fast, we com-
pared basal rates of (A) fractional gluconeogenesis (GNG) (boxes represent mean per group, with individual data points in Black women [gray squares, n = 24] 
and White women [white circles, n = 22]) and (B) glucose turnover (Ra), absolute GNG, glycogenolysis (GLY), and glycerol Ra (Tukey box plots) in Black women 
(gray, n = 24) and White women (White, n = 22). Top and bottom box limits represent the 75th and 25th percentile, respectively; midlines represent the median; 
and top and bottom whiskers represent the 75th percentile plus 1.5 of the interquartile range (IQR) and the 25th percentile minus 1.5 IQR, respectively. Black 
dots represent any values that lie outside the range of the whiskers. Groups were compared by unpaired Student’s t test. LBM, lean body mass.

https://doi.org/10.1172/jci.insight.121495
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Figure 3. The relationship of fractional gluconeogenesis with fatty acid concentrations and stearoyl Co-A desaturase activity. Scatterplots and 
Pearson correlations for (A) myristic acid, (B) myristoleic acid, (C) palmitic acid, (D) palmitoleic acid, (E) stearic acid, (F) oleic acid, (G) total free fatty 
acid (FFA), and (H) SCD-116 in Black women (black box and solid line, n = 24) and White women (white circle, dotted line, n = 22). SCD-116, stearoyl Co-A 
desaturase 1 activity index. SCD-116 is an indicator of hepatic de novo lipogenesis, calculated as the plasma ratio of palmitoleic to palmitic acid.

https://doi.org/10.1172/jci.insight.121495
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studies that used an independent measure of  hepatic insulin sensitivity, suppression of  hepatic glucose 
production during a controlled hyper insulinemic euglycemic clamp, and found higher or no differences in 
hepatic insulin sensitivity but lower peripheral (muscle) insulin sensitivity in women (24, 25). To further 
elucidate this relationship between tissue-specific and whole-body insulin sensitivity by race, we also calcu-
lated adipose tissue insulin sensitivity during the basal steady-state period. Both hepatic and adipose tissue 
indices positively correlated with whole-body SI, regardless of  race, but only HISIGPR was higher in Black 
women compared with White women, at every level of  whole-body SI (Figure 4A).

The finding that HISIGPR was higher at a given level of  whole-body SI in Black women also helps to 
explain the “insulin resistance paradox,” an epidemiological association describing high rates of  whole-body 
insulin resistance but a low prevalence of  hepatic steatosis and hypertriglyceridemia in Black individuals 
(14). This paradoxical relationship is characterized by relatively greater subcutaneous fat accretion com-
pared with visceral and hepatic adipose tissue deposition (14–20). We now extend the literature by showing 
that the metabolic phenotype of  lower visceral and hepatic fat content in Black women was also associated 
with lower rates of  gluconeogenesis and relatively higher HISIGPR. Additionally, traditional diabetes risk 
markers inversely correlated with HISIGPR regardless of  race (Table 3), indicating that the lower hepatic and 
visceral fat and fasting triglycerides do reflect improved hepatic insulin sensitivity in Black women.

Contrary to our results, hepatic insulin sensitivity is presumed to be lower in Black individuals 
because high diabetes rates and lower whole-body SI is often associated with lower insulin clearance 
(31–34). Indeed, a recent mathematical model of  C-peptide concentrations during an IM-FSIGT found 
differential regulation in insulin clearance in hepatic and extra-hepatic tissues (35), and lower hepatic 
insulin clearance in Black compared with White individuals (36). However, to our knowledge, a causal 
association between hepatic insulin clearance and hepatic insulin sensitivity in Black individuals has 
not been fully explored. In the larger group of  the Federal Women’s Study, lower insulin clearance 
was similarly associated with lower hepatic fat content (Chung et al., unpublished observations). We 
propose that intrinsic racial differences in insulin degradation pathways could explain lower insulin 
clearance but higher hepatic insulin sensitivity in Black individuals (37). Although we did not compute 
hepatic insulin clearance in this study, basal insulin concentrations were similar in the 2 groups, imply-
ing that insulin clearance was not different under fasting and steady-state isotopic conditions. There-
fore, at least in the basal period, higher hepatic insulin sensitivity at a given level of  SI in Black women 
appears to be independent of  racial differences in insulin clearance.

Another important physiologic implication of  this study is that differential regulation of  gluconeogenic 
pathways may occur before the development of  prediabetes because lower rates of  gluconeogenesis were 
also observed in women without prediabetes. Notably, the lower prevalence of  fasting hyperglycemia in 
Black individuals is not explained by a population shift in the distribution of  FPG. In nondiabetic individ-
uals, there is minimal variation reported in the distribution of  FPG in non-Hispanic Black individuals in 
the US, and FPG was only 1–3 mg/dl lower than in White and Hispanic individuals (38). Data across the 
African diaspora are limited, but FPG is also comparable among Black individuals living in US, Jamaica, 
Seychelles, and Ghana (39).

To further understand why gluconeogenesis would be differentially regulated by race, we examined 
its relationship with hormonal and substrate concentrations. Basal ratios of  insulin/glucagon and C-pep-
tide/glucagon concentrations were similar, and insulin’s ability to suppress rates of  glycogenolysis, the 
component of  hepatic glucose production that is most sensitive to insulin’s suppressive effect (40), did 

Table 2. Indices of insulin sensitivity

Tracer Black White P value
SI × 10–4 min–1 (μU·ml-1) 2.25 ± 0.28 2.51 ± 0.27 0.30
HISIGPR 47.9 ± 5.2 43.3 ± 4.6 0.51
Adipose tissue insulin sensitivity index 4.9 (2.6–7.3) 4.2 (3.1–6.6) 0.80

Data are presented as mean ± SEM or median (25th–75th percentile). SI, whole-body insulin sensitivity calculated during the unlabeled frequently sampled 
intravenous glucose tolerance test using the minimal model (n = 43); HISIGPR, hepatic insulin sensitivity index calculated as (1,000/glucose production rate 
× steady-state insulin; n = 46); adipose tissue insulin sensitivity index calculated as (glycerol Ra × steady-state insulin; n = 46). Race comparisons made 
with unpaired Student’s t tests.

https://doi.org/10.1172/jci.insight.121495
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not differ by race. Therefore, nonhormonal factors, including mediators other than differences in ambi-
ent insulin concentrations and insulin clearance, may play a primary role. Instead, racial differences in 
macronutrient intake and substrate oxidation could alter rates of  gluconeogenesis by changing substrate 
availability and flux through the tricarboxylic acid cyclic (41). We evaluated and found no racial differ-
ences in daily energy intake (Supplemental Table 2), daily energy expenditure (Supplemental Table 3), or 
energy balance (assessed by weight, Table 1). In addition, each participant received a standardized dinner 
meal the evening prior to the overnight fast that consisted of  similar macronutrient and energy compo-
sition (Black, 9 ± 0.3 kcal/kg, and White, 9.2 ± 0.2 kcal/kg, P = 0.5). Further, no differences in two key 
gluconeogenic substrates (lactate or glycerol concentrations) were noted between the groups. While not 
a gluconeogenic substrate, total FFAs tended to be lower and individual fatty acids were lower in Black 
women and correlated with gluconeogenesis (Figures 2 and 3). FFAs do not provide direct carbons for 
gluconeogenesis, but their hepatic oxidation provides the energy needed to drive gluconeogenesis, and 
lower FFA release from hepatic fat could reduce energy needed to drive the gluconeogenic process (42). 
In the setting of  weight stability and similar macronutrient intake, the lower fatty acid concentrations in 
Black women could result from decreased FFA release or increased FFA clearance. Rates of  gluconeo-
genesis correlated with a marker of  hepatic de novo lipogenesis, SCD-116, indicating that lower hepatic 
stores may contribute, at least in part, to the differences in gluconeogenesis between these two groups of  
women. Alternatively, greater FFA clearance in Black individuals may be a consequence of  relative hyper-
insulinemia (as noted in this study) and has been demonstrated previously (43–47). Overall, regardless of  
the source (FFA release or clearance), lower fatty acid concentrations correlated with gluconeogenesis and 
lower basal REE. However, there was no correlation of  lipid oxidation with gluconeogenesis, and when 
rates of  gluconeogenesis were adjusted for REE, rates of  gluconeogenesis were still 10% lower in Black 
women. Additional studies are required to determine whether variations in fatty acid availability and/or 
kinetics could explain the lower basal rates of  gluconeogenesis observed in Black women.

Figure 4. Relationship of hepatic insu-
lin sensitivity index with whole-body 
insulin sensitivity and hepatic fat. (A) 
Scatter plot of hepatic insulin sensi-
tivity index (HISIGPR) with whole-body 
insulin sensitivity (SI) in Black women 
(black squares and solid line, n = 22) and 
White women (white circles and dotted 
line, n = 21). Using linear regression 
analyses, Black women had higher HISIG-

PR at any given level of whole-body SI (β 
= 11.8; 95% CI: 3.1, 20.4; adjusted R2 = 
0.64; P < 0.01). There was no interaction 
between whole-body SI and race (P > 
0.50). (B) Scatter plot of HISIGPR with 
Ln hepatic fat in Black women (black 
squares and line, n = 18) and White 
women (White circles and dotted line, n 
= 20). Ln, natural log-transformed. Pear-
son correlations were used to determine 
correlation coefficients (black, r = –0.6, 
and White, r = –0.7, P ≤ 0.01).
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Study strengths and limitations. Our study has several strengths. First, we recruited federally employed 
premenopausal women to ensure that they all had health insurance and access to health care; both groups 
of  women were similar in age, BMI, daily energy intake, and physical activity levels. Since both groups had 
comparable whole-body SI, this enabled direct comparisons of  substrate kinetics and tissue-specific insulin 
sensitivity. Second, our postabsorptive study design, measuring the components of  hepatic glucose produc-
tion, allowed determination of  two pathways that contribute to fasting hyperglycemia: the insulin-sensitive 
pathway, in which rates of  glycogenolysis are most sensitive to insulin (40), and alternative regulators of  
increased gluconeogenesis, such as substrate availability. However, a few limitations are noteworthy. As this 
was a cross-sectional analysis in premenopausal women, we cannot infer whether tissue-specific insulin 
sensitivity will change over time in response to age or rapid weight gain or if  these findings are general-
izable to men or postmenopausal women. It is also unclear whether these racial differences in gluconeo-
genesis or hepatic insulin sensitivity would persist under glucose- and insulin-stimulated conditions, such 
as during a meal. Finally, this cross-sectional analysis compares metabolically healthy Black and White 
women who were overweight or obese, and larger studies of  men and women with prediabetes are needed 
to determine whether the relatively small differences in glucose production observed in this cohort directly 
contribute to the lower prevalence of  fasting hyperglycemia in the larger population.

Conclusion. In conclusion, type 2 diabetes is a leading cause of  death and disability in Black populations 
worldwide, but fasting hyperglycemia and hepatic steatosis are uncommon early pathological features of  
their abnormal glucose tolerant state. By demonstrating that gluconeogenesis was lower in Black women, 
compared with White women who were overweight or obese and had similar whole-body SI, we have elu-
cidated, at least in part, racial differences in the physiological mechanisms that may contribute to the devel-
opment of  fasting hyperglycemia. The lower rates of  gluconeogenesis in Black women may explain why 
using FPG alone could contribute to lower risk discrimination in diabetes prediction models and missed 
opportunities for early intervention (8, 48). Alternative and combination strategies, such as combining 
FPG with HbA1c tests (13), may be useful for improving primary and secondary prevention programs in 
individuals of  African ancestry.

Methods
Study population and design. Sixty-eight participants were recruited and screened from newspaper adver-
tisements, flyers, or the NIH website. Participants were enrolled in a cross-sectional study to evaluate car-
diometabolic health in African immigrant, Black, and White women who were employed by the federal 
government (the Federal Women’s Study, Clinicaltrials.gov NCT01809288). Of  the 68 participants, 46 
women met all inclusion criteria (Supplemental Figure 1): self-identified as healthy and were 25–50 years 
of  age, overweight or obese (BMI ≥ 25 kg/m2), and premenopausal (FSH < 22 U/l). Black women of  Afri-
can ancestry were defined as Black (parents and participant identified as Black born in the US) or African 
(parents and participant born in Africa). White women identified themselves and both parents as White.

The study protocol was conducted at the NIH CC and consisted of  3 visits. At visit 1 (screening), a his-
tory and physical examination were performed, and laboratory studies were done to exclude the presence 
of  anemia, diabetes, liver, or kidney disease. Participants on nutritional supplements or medications known 
to affect triglyceride concentrations or insulin sensitivity (including oral contraceptive pills) were excluded. 
Visits 2 and 3 were at least 1 week apart and completed within a 6-week time frame. At visit 2, women came 

Table 3. Relationship of hepatic insulin sensitivity with traditional diabetes risk markers

Black White
HISIGPR Correlation (r) P value Correlation (r) P value
Visceral fat –0.77  <0.01 –0.67 0.02
Hepatic fat –0.56 0.02 –0.70  <0.01
Fasting triglyceride 
concentration

–0.46 0.02 –0.43 0.01

Correlation coefficients (r) obtained with Pearson correlations of HISIGPR with visceral and hepatic fat (Black, n = 18 and White, n = 17) and fasting 
triglyceride (Black, n = 24 and White, n = 22). HISIGPR, hepatic sensitivity index. Visceral fat, hepatic fat, and fasting triglyceride concentrations were natural 
log-transformed for the Pearson correlational analyses.
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to the NIH CC Day Hospital after a 10- to 12-hour overnight fast and underwent a standard 75-g oral glu-
cose tolerance test and dual-energy X-ray absorptiometry (DXA) scan for determination of  fat and fat free 
mass. At visit 3 (overnight tracer study), women were admitted to the Metabolic Research Unit at the NIH 
CC the afternoon before the study day. Women received a standardized dinner meal (45% carbohydrate, 
35% fat, and 20% protein) at 1800 hours, which provided approximately 35% of  the participants’ estimated 
energy needs (calculated using the Mifflin St. Joer equation plus an activity factor of  1.5) (49). Overnight, 
participants had ad libitum access to water and were fasted from 2100 hours on the night of  admission until 
the termination of  the inpatient study at approximately 1200 hours the following day. A 12-hour urine col-
lection was initiated at 6 PM on the day of  admission and lasted until 6 AM on the following day.

Tracer administration and assessment of  insulin sensitivity. Participants received 3.0 g·kgLBM
–1 of  deuterium 

oxide [2H2O] orally, given in 3 divided doses every 3 hours (2100 hours, 2400 hours, and 0300 hours) to 
enrich the body water pool to approximately 0.3% 2H2O to measure fractional gluconeogenesis. At 0400 
hours the following morning, a simultaneous, primed (60 × the minute infusion rate), 5-hour constant 
rate infusion was initiated with [6, 6-2H2]glucose (0.09 mg·kgLBM

–1·min–1) and [2H5]glycerol (0.015 mg·k-
gLBM

–1·min–1) to measure rates of  production of  glucose and glycerol, respectively. Between 0830 and 0900 
hours, blood samples were obtained at –30, –20, –10, and 0 minutes to assess plasma glucose, insulin, and 
C-peptide concentrations and isotopic enrichments during the near-steady state period. Isotope infusions 
were subsequently discontinued and an unlabeled IM-FSIGT was performed, with plasma glucose, insulin, 
and C-peptide concentrations obtained at 32 time points between baseline and 180 minutes (50, 51).

Energy intake, expenditure, and physical activity. Three- to seven-day food records were collected, 
reviewed, and analyzed by nutrition staff  to assess daily energy and macronutrient intake. Habitual 
physical activity and sedentary time were assessed with an accelerometer (Actigraph) worn for 5–7 
days in between visits 2 and 3. At visit 3 (overnight tracer), REE was assessed via indirect calorimetry 
using the ParvoMedics TrueOne 2400 Metabolic Measurement System. Measurements of  oxygen con-
sumption and carbon dioxide production via indirect calorimetry were performed during steady state 
on study day 2 at between 0700 and 0730 hours. Due to technical difficulties, REE was not available in 
2 Black women. Substrate oxidation rates were computed using 12-hour excretion of  urinary nitrogen 
(52, 53) in 20 Black and 14 White women.

Imaging studies. Whole-body composition measurements were performed with DXA scans (Hologic 
Discovery). Measurements of  liver and visceral fat content were performed at L2-3 level by magnetic reso-
nance spectroscopy as previously described (54).

Tracers. Deuterium oxide (99% [2H]), [6,6-2H2]glucose (99% [2H]), and [2H5]glycerol (99% [2H]) were 
purchased from Cambridge Isotope Laboratories. The isotopes were prepared and tested for sterility and 
pyrogenicity by the Pharmaceutical Development Service at the NIH CC and Pine Pharmaceuticals LLC.

Analyses. Glucose concentrations were measured in sera using an enzymatic hexokinase assay on the 
Cobas 6000 instrument (Roche Diagnostics). Insulin and C-peptide were measured in sera via electroche-
miluminescence on the Cobas 6000 instrument (Roche Diagnostics). Hemoglobin A1c was determined 
by the HPLC D10 instrument (Bio-Rad). Plasma and urine samples for the analysis of  FFAs, glucagon, 
lactate, and nitrogen were stored at –80o C and then processed and analyzed simultaneously. Total FFAs 
were measured by an in vitro enzymatic colorimetric assay (Wako diagnostics), L-lactate was measured 
by a colorimetric fluorescence assay (Cayman Chemical Company), and glucagon was measured by a 
solid-phase two-site enzyme immunoassay (Mercodia). Urinary nitrogen concentrations were measured by 
a Antek MultiTek Horizontal nitrogen analyzer. Plasma glycerol and individual fatty acid concentrations 
were measured by liquid chromatography mass spectrometry (NIDDK) (55). The enrichments of  [2H2O]
water, [2H1]glucose, [2H5]glycerol, and [2H2]glucose were determined as previously described (56, 57).

Calculations and definitions. Prediabetes was defined using American Diabetes Association criteria: FPG 
(fasting glucose ≥ 100 mg/dl) and/or impaired glucose tolerance (2-hour glucose ≥ 140 mg/dl). Rates of  
plasma glucose appearance and glycerol production were calculated under near steady-state conditions (–30 to 
0 minutes) using the average enrichment of [6, 6-2H2]glucose and [2H5]glycerol, with conventional isotope dilu-
tion calculations (58). Under fasting and both isotopic and substrate steady-state conditions, when corrected for 
the rate of infusion of the tracer, the rate of glucose appearance (Ra) is the glucose production. Fractional glu-
coneogenesis was determined using 2H2O and the average enrichment of 2H enrichments of carbons 1,3,4,5,6 
of glucose as previously described (56). Since body water is the precursor pool for the hydrogen incorporated 
into glucose during gluconeogenesis, the extent of deuterium labeling of glucose during the gluconeogenic 
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process is a measure of fractional gluconeogenesis. The rate of gluconeogenesis was calculated as the product 
of glucose Ra and fractional gluconeogenesis (glucose Ra × % gluconeogenesis), and the rate of glycogenolysis 
was calculated as the glucose production rate minus the rate of gluconeogenesis. Due to difficulties with the 
deuterated water supply at NIH CC, rates of gluconeogenesis were not measured in 2 White women.

A marker of  SCD-116 activity is an indicator of  hepatic de novo lipogenesis and was calculated as the 
plasma ratio of  palmitoleic to palmitic acid as previously described (59).

The hepatic insulin sensitivity index (HISIGPR) was calculated in the fasting state: 1,000/[glucose pro-
duction (mg·kgLBM

–1·min–1) × plasma insulin concentration (μU/ml)] (60). The adipose tissue insulin sensi-
tivity index was calculated in the fasting state using the following formula: glycerol Ra (mg·kgLBM

–1·min–1) 
× plasma insulin concentration (μU/ml) (61). The whole-body SI, during the unlabeled IM-FSIGT, was 
calculated by the minimal model (MinMOD Millenium v.6.02) (51). SI results were not available in 3 
women (2 Black and 1 White) because of  hypoglycemia (n = 1), hemolyzed samples (n = 1), and difficulties 
with intravenous access (n = 1). The AIRg was calculated as the area under the insulin curve above basal 
between 0 and 10 minutes, and the DI was calculated as SI × AIRg.

Statistics. Data are presented as mean ± SEM, unless otherwise stated. The primary study outcome was 
the rate of  glucose production between Black and White women. Secondary outcome analyses were mea-
surements of  fractional and absolute gluconeogenesis, HISIGPR, and whole-body (SI). Differences between 
groups were tested by 2-tailed t tests for continuous variables and χ2 tests for categorical variables. Nonpara-
metric data (insulin, glucagon, triglycerides, AIRg, DI, hepatic fat, and adipose tissue insulin sensitivity 
index) were natural log-transformed (Ln) prior to analyses. Pearson correlation coefficients (r) were used to 
compare continuous variables. A linear regression model was used to determine the relationship of  SI with 
HISIGPR, with race and race × SI as covariates. All analyses were performed using STATA v. 15.0. A P value 
of  less than or equal to 0.05 was considered statistically significant.

Study approval. The protocol was approved by the NIDDK NIH Institutional Review Board (Clinical-
trials.gov NCT01809288). All participants provided signed written informed consent prior to participation.
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