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Background. Neopterin, a GTP metabolite expressed by macrophages, is a marker of immune activation. We hypothesize
that levels of this serum marker alter with donor age, reflecting increased chronic immune activation in normal aging. In ad-
dition to age, we assessed gender, race, body mass index (BMI), and percentage of body fat (%fat) as potential covariates.

Methods. Serum was obtained from 426 healthy participants whose age ranged from 18 to 87 years. Anthropometric
measures included %fat and BMI. Neopterin concentrations were measured by competitive ELISA. The paired associa-
tions between neopterin and age, BMI, or %fat were analyzed by Spearman’s correlation or by linear regression of log-
transformed neopterin, whereas overall associations were modeled by multiple regression of log-transformed neopterin
as a function of age, gender, race, BMI, %fat, and interaction terms.

Results. Across all participants, neopterin exhibited a positive association with age, BMI, and %fat. Multiple regres-
sion modeling of neopterin in women and men as a function of age, BMI, and race revealed that each covariate contrib-
uted significantly to neopterin values and that optimal modeling required an interaction term between race and BMI. The
covariate %fat was highly correlated with BMI and could be substituted for BMI to yield similar regression coefficients.

Conclusion. The association of age and gender with neopterin levels and their modification by race, BMI, or %fat
reflect the biology underlying chronic immune activation and perhaps gender differences in disease incidence, morbidity,

and mortality.
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HRONIC immune activation is involved in a number of
diverse pathologies, including AIDS (1), atherosclero-

sis (2), autoimmune disease (3), cancer (4), obesity, and
metabolic syndrome (5,6). Importantly, immune system ac-
tivation has also been implicated in the aging process in nor-
mal healthy individuals (7,8). Neopterin, a metabolite of
GTP, is produced in macrophages upon stimulation by inter-
feron gamma released by activated T cells (9). In humans,
neopterin is a marker of macrophage activation (10). This
marker has been used clinically in the assessment of bacte-
rial and viral infections (11,12), autoimmune diseases
(13,14), sleep apnea (15), and in malignant conditions (16).
Individual reports have been equivocal regarding correla-
tions of serum neopterin levels with age or gender (17-19).
However, these studies typically employed comparison
groups with discontinuous age (ie, young adult vs old adult)
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and did not exclude potential confounding conditions (ie,
smoking, hypertension, pulmonary disease, and other chronic
inflammatory disease). In addition, a number of recent stud-
ies with relatively small numbers of participants (n <50)
have suggested that neopterin levels can be influenced by
body mass index (BMI) values (20,21). The current study
was undertaken to carefully assess the relationship of neop-
terin with age, BMI, and percentage of body fat (%fat) and to
see whether gender and race modulate those relationships.

METHODS

Participants
Sera from 426 clinically defined healthy participants
were obtained under institutional review board-approved
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Table 1. Male and Female Sample Characteristics Contrasted by Race

Women Men
Black White Black White

n 49 152 48 184
Age 448+ 153 489+ 15.1 412155 50.0 £ 14.9
BMI 37.8£8.7 27.5 £8.9* 30.8£8.0 26.6 £ 6.2*
JoFat 433+8.2 33.6 £8.7* 26.7+9.7 22.0+8.6*
Neopterin

Mean (SD) 7.32£1.5 6.39+1.71 8.24£1.82 6.04 £ 1.67

Median (range) 6.83 (4.91-11.37) 6.16 (2.39-11.88)" 7.92 (4.73-12.81) 5.74 (2.59-11.34)F

Notes: Values for age, body mass index (BMI), and %body fat (%fat) reflect the mean = SD. Comparisons were performed between races.

*p <.005 by ¢ test.
p <.005 by Mann—-Whitney U test.

protocols from a serum bank (SeraCare Life Sciences Inc.,
Oceanside, CA) as well as from the Johns Hopkins Bayview
Medical Center Clinical Research Unit. For this study, inclu-
sion criteria as a healthy serum donor included measures
within the normal range for fasting glucose (<100 mg/dL)
and thyroid-stimulating hormone (0.5-2.1 mIU/mL), as well
as a clinical assessment by a physician. Patients with a his-
tory of smoking, angina, myocardial infarction, percutane-
ous transluminal coronary angioplasty, coronary artery
bypass surgery, congestive heart failure, and stroke were in-
eligible. Other exclusionary criteria included a history of
diabetes mellitus, pulmonary disease, renal or hepatic dys-
function, dementia, cancer, any chronic inflammatory con-
dition (eg, rheumatoid arthritis), and use of anti-inflammatory
agents (eg, steroids). Approval for the study protocol was
acquired from the local institutional review board, and in-
formed consent was obtained from all patients.

Clinical Measures

Anthropometric measures included height, weight, and
waist circumference. Foot-to-foot bioimpedance analysis
was conducted to estimate %fat using a Tanita scale (Tanita
Corporation of America, Arlington Heights, IL). A fasting
blood sample was obtained in a resting and fasting state in
the morning. All venous samples were placed at 4°C prior to
serum separation. After centrifugation at 1000g for 20 min-
utes, serum was stored at —80°C. Serum neopterin was mea-
sured using a commercially available competitive ELISA
(ALPCO Diagnostics, Inc., Salem, NH). In the laboratory,
this enzyme immunoassay had a sensitivity of 0.8 nM and
an interassay coefficient of variance of 5.50%.

Statistical Analysis

Univariate statistics of the study group were individu-
ally examined. Given the nonnormal distribution of serum
neopterin levels (15), comparisons between genders or
races were performed using a Mann—Whitney U test. The
relationship between neopterin and age, BMI, and %fat
was initially investigated by LOWESS (locally weighted

scatterplot smoothing) modeling. The correlation of neop-
terin with age, BMI, or %fat was analyzed using the
Spearman rank correlation test. The association of neop-
terin with age, gender, race, BMI, and %fat was modeled
and analyzed by stepwise multiple linear regression after
log transformation of neopterin levels. Age, BMI, and
Yfat were continuous independent variables, whereas race
and gender were dummy-coded independent variables.
For race, black = 0 and white = 1; for gender, female = 0,
male = 1. A post hoc 7 test determined if the regression
weight of each independent variable differed significantly
from zero. All statistical calculations were carried out
using Prism and InStat software (GraphPad, Inc., La Jolla,
CA) and StatView 5 (SAS Institute, Inc., Cary, NC).

RESULTS

Characteristics of the healthy cohort of 426 participants
are listed in Table 1. The descriptive statistics exhibit well-
documented anthropometric gender differences. The men
were leaner with less %fat. Analysis of race differences for
each gender indicated that BMI and %fat were significantly
higher in black women versus white women as well as
higher in black men versus white men. The %fat (mean +
SD) of the black women was 10% higher, and their mean
BMI was 7 kg/m? higher than that of white women. Gender
differences in body composition within race were also evi-
dent. BMI and %fat were significantly higher in black
women versus black men (p < .001 and p < .0001, respec-
tively), whereas only %fat was significantly different be-
tween white women and men (p < .0001). Median values for
neopterin were significantly higher in blacks compared with
whites by gender. White women had higher median levels
of neopterin compared with white men, whereas black men
had a significantly higher median neopterin value than any
other group.

Exploratory LOWESS curves were generated, segregat-
ing samples by race and gender (Figure 1). The LOWESS
curves suggested that neopterin values in blacks of both
genders were relatively flat regardless of age, BMI, or %fat
levels. In contrast, neopterin values in white men and
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Figure 1. Exploratory LOWESS (locally weighted scatterplot smoothing) profiles of neopterin, age, body mass index (BMI), and %body fat. LOWESS modeling
of log-transformed neopterin values segregated by gender and race were determined as a function of (a) age, (b) BMI, and (¢) %body fat. Black dotted lines represent
white women, gray dotted lines represent white men, solid black lines represent black women, and gray solid lines black men.

women increased with increasing values of age, BMI, and
9fat. The increase in neopterin appeared to slow down
when the covariate age reached high levels (ie, >45 years)
in white women. Similarly, the LOWESS plots suggested
that a nonlinear association of neopterin values with BMI
that was distinct between whites of both genders at BMI
<25 kg/m? and reached a plateau after 30 kg/m?.

Correlation analysis was used to test the bivariate rela-
tionship between neopterin and age, and a statistically
significant relationship was observed with a Spearman
correlation coefficient (r) of .15, p <.0005. Examining the
bivariate relationship between neopterin and BMI by
Spearman’s rank correlation also yielded a significant
correlation with a Spearman r of .43, p < .0001. Rank cor-
relation analysis also revealed a significant relationship
between neopterin and %fat with a Spearman r of .35, p <
.0001. The nature of the relationship (linear vs nonlinear)
between neopterin and age, BMI, or fat was assessed by lin-
ear regression of log-transformed neopterin values (Figure 2).
Age and %fat exhibited a linear pattern throughout their
range, whereas BMI appeared nonlinear at high BMI val-
ues, though this could arise from the fewer number of par-
ticipants at the high end. The bivariate relationship between
BMI and %fat was also investigated, separating the values
by gender (Figure 2d). The relationship between BMI and
Yofat has been characterized in a number of different popu-
lations where deviation from linearity was observed at high
BMI and %fat values (22-24). Data from 426 participants
of the current study exhibited the same pattern. Data from
both genders were combined, and %fat was modeled by
multiple linear regression. The optimal equation was [%fat] =
(1.00£0.03) x BMI - (10.3 £0.4) x gender + (0.10 £0.02) x
age + (5.4 £ 1.1), accounted for 85% of the variance, and
the variable race did not contribute significantly to the
model. The beta coefficients were all consistent with previ-
ous studies that modeled %fat as a function of age, gender,
and BMI (24-26).

Multiple regression models were constructed to examine
the effect of age, race, and BMI on log(neopterin) values. The

data for women and men were analyzed separately. Five step-
wise models were analyzed and are given in Table 2. Model 1
contained the regression equation for log(neopterin) and age.
Model 2 added the dummy-coded variable race to the model,
and it was statistically significant in both gender models. The
negative beta coefficient for race indicates that whites (coded
as “1”) have lower neopterin values than blacks (coded as
“0”) for both women and men. The variable BMI (Model 3)
was added next, and it was also statistically significant in
both genders, BMI accounted for and additional 7% female
and 9% male variance in log(neopterin). As a way to address
the apparent nonlinear association between BMI and
log(neopterin) values, two slopes at different age ranges were
modeled by adding the variable BMI25up (Model 4). For
BMI <25 kg/m?, BMI25up = 0, so the BMI term in the model
is Bemr x BMI, and for BMI >25 kg/m?2, BMI25up = BMI, so
the BMI terms are (BBMI + BBMI25UP) X BMI, where BBMIZSup
reflects the difference in slopes before and after a BMI value
of 25 kg/m?. The variable was significant in both genders,
accounting for an additional 8% female and 10% male vari-
ance in log(neopterin).

Similarly, the apparent nonlinear association between
age and neopterin was modeled by introducing the vari-
able age45up, where age45up = 0 for age <45 years and
age45up = age at values >45 years. The variable age45up
was significant in women (female Model 5) but not in men,
consistent with the LOWESS analysis. In contrast, the in-
teraction term Race x BMI did not add significantly to fe-
male models, whereas it accounted for an additional 3%
male variance (male Model 5). For the optimal Model 5,
age contributed more to neopterin levels in women than in
men (the age coefficient in women was approximately
twice that of men), whereas race and BMI values contrib-
uted more to male neopterin values. The negative coeffi-
cient for race and BMI in the final model indicates that
whites of both genders will have a greater subtraction from
the neopterin calculation.

The robustness of the models was profiled by plotting
standardized residuals stratified by gender for Models 1, 3,
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Figure 2. Correlations between serum neopterin, age, body mass index (BMI), and %body fat. The levels of neopterin in 426 healthy participants were deter-
mined by commercial sandwich ELISA. The levels of log-transformed neopterin were plotted as a function of (a) participant’s age, (b) BMI value, and (¢) %body
fat. Correlation was assessed by linear regression analysis. (d) The association between BMI and %body fat was graphically investigated, contrasting by gender.

Open circles = female; open squares = male.

and 5 as a function of BMI (Figure 3). The residuals for
Model 1 (linear regression model) exhibited an asymmetric
distribution. For a more precise assessment of the model fit,
standardized residual values were grouped by BMI range
(<20, 20 to <25, 25 to <30, 30 to <35, 35 to <40, 40 to <45,
and >45 kg/m?), segregated by gender and box-and-whisker
plots were generated (Figure 3b). In general, the linear
model overestimated male and female neopterin values at
lean BMI while underestimating neopterin values in the
overweight to obese range. The multiple regression model
that included age, race, and BMI, but no interaction terms
(Model 3) reduced the asymmetry in female values, though
male values still exhibited runs above and below zero by
BMI group. The final model, which included the interaction
terms age45up, BMI25up, and Race x BMI exhibited
standardized residuals for both women and men that were
centered around zero (neopterin values were minimally
under- or overestimated).

When %fat was introduced in place of BMI in the step-
wise linear regression model building for females and male
neopterin values, the beta coefficients were nearly identical
to models using BMI. For example, the corresponding coef-

ficients for a Model 3 for women was By = 0.56 £ 0.05, Bage =
0.0027 £ 0.0005, Brace = —0.0434 + 0.0205, Bgy = 0.0041 +
0.0009, with an 72 of .26, and for men was By = 0.72 £ 0.03,
Bage = 0.0020 £ 0.0005, Brace ==0.137 £ 0.018, By = 0.0040 £
0.0007, with an 72 of .34. The variable %fat accounted for
anadditional 9% female and 9% male variance inlog(neopterin)
values. A Race x %Fat interaction term was found to contrib-
ute significantly to the models (data not shown) explaining an
additional 4% and 7% of the variance in female and male
neopterin values, respectively.

Stepwise multiple linear regression was also applied to
the complete data set of women and men combined, incor-
porating age, gender, race, BMI, and Race x BMI as well as
Gender x BMI interaction terms. The optimized model ac-
counted for 40% of the variance and yielded coefficients of
log(neopterin) = (0.98 £ 0.05) + (0.0035 + 0.0008) x age —
(0.082 £ 0.035) x gender — (0.320 = 0.048) x race —
(0.0098 £+ 0.0016) x BMI + (0.0040 + 0.0006) x BMI25up
(0.0072 £0.0014) x race x BMI + (0.0023 + 0.001) x gen-
der x BMI. Similarly, a model of the complete data set us-
ing %fat as a variable yielded optimized model coefficients
of log(neopterin) = (0.78 £ 0.04) + (0.0025 £ 0.0003) x age +
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Table 2. Multiple Linear Regression Models by Gender Examining the Effect of Age, Race, BMI, and Interaction Terms on Neopterin Values

Female models

1 2 3 4 5
Intercept 0.70 + 0.03* 0.74 £ 0.03* 0.60 + 0.04* 0.75 £ 0.05* 0.66 + 0.06*
Age 0.0023 + 0.0005* 0.0027 £ 0.0005%* 0.0027 + 0.0005°%* 0.0026 + 0.0005* 0.0053 £ 0.0013*
Race —0.085 + 0.019* -0.046 + 0.0217 —-0.026 + 0.020 -0.029 + 0.020
BMI 0.0037 + 0.0008* 0.0042 £ 0.00197 —-0.0041 +0.00197
BMI25up —0.0042 + 0.0009% —0.0015 + 0.0006"
age4Sup 0.0049 + 0.0009*
2 .08 17 24 32 .35
Ar? .09 .07 .02 .08
Male models
1 2 3 4 5

Intercept 0.7 £ 0.03* 0.83 +£0.02* 0.65 +0.04* 0.87 £0.05* 1.00 + 0.06*
Age 0.0006 + 0.0005 0.0019 + 0.0005F 0.0021 + 0.0004* 0.0019 £ 0.0004* 0.0022 + 0.0004*
Race -0.162 £ 0.019* -0.140 £ 0.018* -0.134 £ 0.017* —-0.356 + 0.066*
BMI 0.0055 + 0.0010%* —0.0056 + 0.00207 —0.0094 + 0.0022*
BMI25up 0.0052 + 0.0008* 0.0045 £ 0.0008*
Race x BMI 0.0074 + 0.0022F
r? .01 25 34 44 47
Ar? 24 .09 .10 .03

Notes: Each p value compares the full model with a simpler model omitting that variable.

*p <.0001.

p<.05.

(0.041 £0.011) x gender — (0.315 £ 0.036) x race — 0.0010 =
0.0008 x [%fat] + 0.0066 + 0.0009 x [race x %fat] and
accounted for 35% of the variance. The well-known high
degree of correlation between %fat and BMI as well as
gender differences in %body fat allow the variable %fat to
account for most the outcome variability explained by the
variable BMI and the interaction term Gender x BMI. The
beta coefficients for models using BMI or %fat were not
significantly different for age (0.0098 vs 0.0010, respec-
tively), race (0.320 vs 0.315, respectively), and the interac-
tion term with race (0.0072 vs 0.0066, respectively).

Di1ScUSSION

Neopterin (6-D-erythro-1',2',3'-trihydroxypropyl-pterin)
is synthesized from GTP by GTP-cyclohydrolase I in re-
sponse to interferon gamma stimulation of human mono-
cytes/macrophages (27,28). Increased concentrations of
neopterin in serum have been found during viral infections,
various malignant disorders, and autoimmune diseases (13).
The current study demonstrates for the first time that in a
well-defined healthy population, serum neopterin levels
vary with donor age, gender, race, and BMI. The observa-
tion of an increase in neopterin production with increasing
age is consistent with a number of other studies (18,19). In
general, these previous study populations compared discrete
groups of young (<40 years of age) with old (>60 years of
age). In addition, entry/enrollment criteria in those studies
did not necessarily exclude diseases associated with im-
mune activation and increased neopterin concentrations

in the elderly participants, such as atherosclerosis (29) or
dementia (30).

The current study models neopterin along a continuous
aging trajectory with at least 10 participants per gender per
decade spanning the 20s to the 80s. The study cohort had
extensive exclusion criteria to minimize confounding due to
age-related conditions. It is possible that in the older par-
ticipants, pathological processes may have already started
that were clinically latent. However, changes were observed
in neopterin between relatively young ages (eg, third and
fourth decades). A novel finding of the current study is that
the changes in neopterin with age were associated with gen-
der and race differences.

Median values of neopterin were significantly different be-
tween healthy lean male and female participants. The effects
of gender on serum neopterin may be linked to gender differ-
ences in chronic immune activation. Gender differences in
susceptibility to autoimmune diseases have been observed,
with women at greater risk than men of rheumatoid arthritis
and multiple sclerosis (31). Race appears to contribute to
neopterin values with blacks (especially men) exhibiting
higher neopterin levels than whites. However, the relatively
small black sample size (n = 97) may be reflecting sample
bias. While this is possible, the participants from the current
study exhibited body composition distributions and correla-
tions between BMI and %fat that match other larger studies
(22-26), suggesting that at least in those parameters sampling
bias did not occur. The current results found a race effect for
both women and men, and it interacted with BMI (or %fat). A
potential hypothesis to address gender and racial differences
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Figure 3. Residual plots and model fits. Standardized residuals were calculated for multiple regression models using the formula
standardized residual = (residual)/vMSE, where MSE is the mean squared error. Scatter plots of standardized residuals as a function of continuous body mass index
(BMI) values were generated for (a) the linear model, model 1, (c) the multiple regression model with no interaction terms, model 3, and (e) the final multiple regres-
sion model with interaction terms, model 5. Open circles = female; open squares = male. Box-and-whisker plots of standardized residuals where values were grouped
in 5 U intervals of BMI were also generated to profile runs above and below zero for (a) model 1, (d) model 3, and (f) model 5. In these box-and-whisker plots, black
bars represent women, gray bars represent men, the box frame defines the lower and upper quartile, the whiskers depict maximum and minimum, the line within the

box marks the median value, and the “+” symbol marks the mean value.

in morbidity and mortality is the stress or “weathering” hy-
pothesis, which states that greater exposure to stressors over
the life course increases susceptibility to morbidity and mor-
tality among members of specific groups (32). Stress is a
well-characterized immunomodulator, causing immune acti-
vation (33). Further investigation with a much larger samples
size will be necessary for the influence of race on a serum
marker of immune action to be robustly defined.

Serum neopterin levels are elevated in a number of pa-
thologies involving chronic inflammation, including alco-
holic hepatitis, hepatitis B and C virus, rheumatoid arthritis,

atherosclerosis, diabetes, and inflammatory bowel diseases
(10). Previous studies on serum neopterin levels found an
association of neopterin values with BMI (15,34). The in-
clusion of the variable %fat, which is related to BMI and
has well-known gender differences in distribution, into
models of neopterin yielded similar model parameters. Both
elevated BMI and %fat are associated with altered cytok-
ines and a proinflammatory state (35-37). Aging also has
been associated with low-level inflammation [“inflammag-
ing” (38)], thought to lead to or exacerbate many chronic
medical conditions (39,40).
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Immune activation is a sentinel homeostatic mechanism.
Instead of maintaining organ and organismal optimal func-
tion, a dysregulated homeostatic mechanism can contribute
to tissue pathology and disease progression. Chronic im-
mune activation, through its cytokine production and/or
tissue remodeling program, alters the cellular microenvi-
ronment, which can contribute to altered cellular function
(41). In conclusion, age and gender are covariates that con-
tribute to neopterin levels, and these covariates are, in turn,
modified by BMI (or %fat) and race presumably through
altered chronic immune activation load. The relative contri-
bution of age and gender to modulating neopterin levels (a
surrogate for immune activation) in normal physiological
events may reflect the biology underlying aging, late-age
onset diseases, and perhaps gender differences in morbidity
and mortality.
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