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Abstract: The liver plays an important role in normal metabolism and physiological functions such as
acid-base balance; however, limited epidemiologic studies have investigated how the liver contributes
toward acid-base balance using non-invasive biomarkers. We determined associations between serum
biomarkers related to acid-base balance and renal function with liver CYP1A2 activity. We used
data from 1381 participants of the 2009–2010 National Health and Nutrition Examination Survey
(NHANES) with measurements of serum phosphorus, serum bicarbonate, caffeine intake, caffeine
metabolites, and estimated glomerular filtration rate (eGFR). Liver CYP1A2 activity was estimated
using urine caffeine metabolite indices, which were calculated as the ratio of one of the urine caffeine
metabolites (i.e., paraxanthine and 1-methyluric acid) to caffeine intake. We analyzed associations in
the whole data set and in different strata of hepatic steatosis index (HSI) based on different cut-points.
We found that serum bicarbonate was positively associated with CYP1A2 activity in the whole data
set when comparing persons with bicarbonate at Q4 to Q1 (β = 0.18, p = 0.10 for paraxanthine;
β = 0.20, p = 0.02 for 1-methyluric acid). Furthermore, serum phosphorus was positively associated
with CYP1A2 activity only in the stratum of 30 ≤ HSI < 36. Lastly, low eGFR was significantly
associated with lower CYP1A2 activity measured with paraxanthine in the whole dataset and in all
the strata with HSI < 42; when comparing eGFR < 60 to eGFR > 90, β estimates ranged from −0.41 to
−1.38, p-values ranged from 0.0018 to 0.004. We observed an opposite trend in the highest stratum
(HSI ≥ 42). Non-invasive measurements of serum bicarbonate, serum phosphorus, and eGFR have
dynamic associations with CYP1A2 activity. These associations depend on the extent of liver damage
and the caffeine metabolite used to assess CYP1A2 activity.

Keywords: CYP1A2; caffeine metabolism; renal function; serum phosphorus; serum bicarbonate

1. Introduction

Liver health is strongly associated with metabolic health, as research has shown
that metabolic disorders such as insulin resistance and metabolic syndrome are strong
risk factors for non-alcoholic fatty liver disease (NAFLD) [1,2]. NAFLD, affecting 30% of
the general population, is the primary cause of irreversible cirrhosis and hepatocellular
carcinoma, and it is the fastest-growing cause of liver mortality [3,4]. However, NAFLD
is often underdiagnosed due to the invasive nature of biopsy and the limited availability
of imaging diagnosis for the general population [5]. The liver is a highly regenerative
organ, making it crucial to understand liver health prior to a diagnosis of NAFLD [6,7].
This would provide a wider window of time for intervention. Unfortunately, there are
currently limited non-invasive biomarkers that can indicate liver health before a diagnosis
of NAFLD [5].

The liver is a multi-functional organ responsible for a range of processes, including
but not limited to bile production, protein synthesis, gluconeogenesis, and the metabolism
of drugs, toxins, carbohydrates, fats, and proteins [8]. The liver’s ability to metabolize
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substances is crucial for its normal function and can influence other liver functions, such
as protein synthesis [9]. Therefore, studying liver metabolism may help us understand
subclinical progress among asymptomatic populations. CYP enzymes are responsible
for liver metabolism, making them essential for investigation. Although more evidence
of CYP1A2 activity in humans is emerging, most studies on CYP enzymes have been
conducted on animal liver tissues or cells [10]. One of the CYP enzymes, CYP1A2, is
known to metabolize caffeine, drugs such as propranolol, and pre-carcinogens such as
aflatoxins [11,12]. Recently, the ratio of circulating caffeine metabolites to caffeine intake
has been used as a proxy measure for CYP1A2 activity [13]. Using this proxy measure, our
group has shown that CYP1A2 activity can vary significantly among individuals without
liver diseases and with normal liver enzyme levels, depending on their smoking status
(past, never, or current) [14].

Furthermore, acid-base balance is crucial for the processes of blood oxygenation,
protein folding, and cellular respiration [15]. The main organs involved in acid-base
regulation are the lungs and kidneys [15–17]. The liver also plays a role in acid-base balance;
patients with liver dysfunction often present with acid-base disorders in hospitalized or
ambulatory settings [17,18]. The known mechanisms explaining how the liver regulates
acid-base balance in these populations include lactic acid metabolism, albumin synthesis,
the production of keto-acids, and ureagenesis [18]. Limited information exists regarding
how the liver contributes toward acid-base regulation among relatively healthy populations
without acid-base disorders or extensive metabolic damage [16,18,19].

To address a potential research gap, we plan to investigate the association between
acid-base balance and CYP1A2 activity using non-invasive clinical tests. Furthermore, we
aim to examine whether these associations vary across different stages of liver damage
using a non-invasive index, namely hepatic steatosis index (HSI). This study will use the
2009–2010 National Health and Nutrition Examination Survey (NHANES) data to examine
serum bicarbonate, phosphorus, and renal function with CYP1A2 activity. By understand-
ing the relationship between acid-base balance and CYP1A2 activity, we may be able to
develop better non-invasive biomarkers for liver health and improve our understanding of
liver metabolism.

2. Materials and Methods
2.1. Study Population

We used a sample from the 2009–2010 NHANES, a cross-sectional survey about health
and nutritional status of a nationally representative population of non-institutionalized
civilians [20]. Of the 10,537 persons surveyed, 2174 had measurements of urine caffeine
metabolites and urine creatinine. In the end, we included 1381 participants who were
18 years of age or older, who ingested at least 20 mg of caffeine in the first 24-h dietary
recall, and who had measurements of serum phosphorus and serum bicarbonate, as well as
urine caffeine metabolites and urine creatine.

2.2. Assessment of General Characteristics through Self Reports

Self-reported questionnaires were used to collect demographic information such as
age, race/ethnicity, gender, diabetes diagnosis, and alcohol consumption.

Also, physical activity was determined with total metabolic equivalents (METs) per
week based on a participant’s self-reported total amount of vigorous and/or moderate exer-
cise per week. First, we calculated the sum of the total minutes of each category of exercise
intensity. This sum was multiplied by the proper MET score prescribed by NHANES [21].
MET scores increase with respect to exercise intensity. Physical activity (MET-minutes
per week) was calculated using the following equation: (Minutes of vigorous activity of
work per day) * (days of vigorous work activity) * (MET score = 8) + (minutes of moderate
activity at work per day) * (days of moderate work activity) * (MET score = 4) + (min-
utes of vigorous recreational activities per day) * (days of vigorous recreational activities)
* (MET score = 8) + minutes of moderate recreational activities per day) * (MET score = 4).
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MET = minutes per week were converted to MET hours per week. For our analyses, we
classified physical activities into three groups at 0, 4 to 40, and 40+.

Smoking habits were self-reported by participants [22]. Lifetime smoking intensity
equaled the total number of cigarettes smoked over a participant’s lifetime. Calculations
were done separately for former smokers, current smokers, and people who had never
smoked since participants received different questions based on their current smoking
status. The lifetime smoking intensity of participants who had never smoked equaled
0. Former smokers’ lifetime smoking intensity = (number of cigarettes smoked per day)
* (duration of smoking before quitting (years)) * (365.25 days/year). Current smokers’ life-
time smoking intensity = (total days smoked cigarettes/month) * (average cigarettes/day)
* (12 months/year).

2.3. General Body Measurements

Body measurements were conducted in the NHANES mobile examination center
(MEC); measurements used in our analyses included but were not limited to body mass
index (BMI) and blood pressure. Additional details of the process have been documented
elsewhere [23,24]. For our analysis, the systolic and diastolic blood pressure measurements
were an average of all available measurements. We divided systolic blood pressure by dias-
tolic blood pressure and categorized these measurements into 5 classes: normal, elevated,
hypertension stage 1, and hypertension stage 2 according to clinically accepted guidelines
in the U.S. [25].

2.4. Caffeine Intake Assessment

Caffeine intake was assessed using the first of two 24-h recalls that used a multi-pass
method algorithm from the US Department of Agriculture. Participants reported their
food and beverage intake in the past 24-h to trained interviewers. The first 24-h recall was
conducted in the NHANES MEC. The amount of ingested caffeine (mg) was estimated
from consumption of all food and beverages that contained caffeine [26].

2.5. Assessment of Urinary Caffeine Metabolite and CYP1A2 Activity

In the NHANES study, 14 caffeine metabolites were measured; only paraxanthine
and 1-methyluric acid were included in our analysis. Paraxanthine is a main upstream
metabolite, and 1-methyluric acid is a main downstream metabolite associated with caffeine
clearance, as shown in Figure 1 [27]. These metabolites were measured by performing high
performance chromatography-electrospray ionization-tandem quadrupole mass spectrom-
etry (HPLC-ESI-MS/MS). Creatinine was measured using the Roche/Hitachi Modular P
Chemistry Analyzer. Detailed methods can be found in the NHANES protocol [28]. To
determine the urinary concentration of caffeine metabolites (µmol/L), we divided caffeine
metabolites by urine creatinine levels. We expressed measurements in µmol/mg). To
assess CYP1A2 activity, we created a caffeine metabolite index by using one of the caffeine
metabolites to divide the caffeine intakes from the last 24 h on the day of blood draw, which
was the first 24-h recall in the NHANES. The caffeine metabolite index is calculated as:
(urine creatinine-adjusted caffeine metabolites)/(caffeine intakes from the first 24-h recall).

2.6. Serum Bicarbonate and Serum Phosphate Assessment

Serum bicarbonate and serum phosphate concentrations were measured using a
DxC800. For serum bicarbonate, an indirect ion sensitive electrode measured the pH rate of
change as CO2 ions diffused across a membrane. The pH rate of change was proportional
to the sample’s CO2 levels, producing measurements of CO2 in serum. For phosphorus,
the DxC800 used a timed-rate method to determine serum phosphorus concentrations. In
an acidic solution, inorganic phosphorus reacted with ammonium molybdate to form a
colored phosphomolybdate complex. The absorbance at 365 nm was recorded since the
absorbance was proportional to the phosphate concentration [29].
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Figure 1. Main caffeine metabolites in humans (adapted from Nehlig et al.) [27].

2.7. Estimated Glomerular Filtration Rate (eGFR)

Estimated glomerular filtration rate (eGFR) was estimated using the Chronic Kidney
Disease Epidemiology Collaboration (CKD-Epi equation model using serum creatinine,
sex, age, and race). Information regarding this equation can be found elsewhere [30]. We
categorized eGFR into the following groups: >90, 60 to 90, and <60 mL/min/1.73 m2.

2.8. Hepatic Steatosis Index

In 2009, Lee et al. developed the Hepatic Steatosis Index (HSI) as a non-invasive screen-
ing measure to approximate NAFLD status in a representative Korean population [31].
HSI was used to detect NAFLD among participants whose HSI score was greater than
36 with 93% sensitivity. NAFLD was ruled out with 92% specificity among participants
whose HSI score was less than 30. The AUROC was 0.812. This is the calculation for
HSI: 8*(ALT/AST) + BMI (+2 if diabetic) (+2 if female). We calculated HSI scores for
each participant and performed stratified analysis by grouping them as follows: HSI < 30,
30 ≤ HSI <36, 36 ≤ HSI < 42, and HSI ≥ 42. Our cut-offs differed from the original guide-
lines for Koreans due to the distribution of HSI scores among the NHANES study popu-
lation, which was expected since BMI and waist circumferences are significantly higher
among Caucasians in the U.S. versus Koreans.

2.9. Statistical Analyses

Linear regression was used to assess associations between serum phosphate and
serum bicarbonate as well as eGFR with liver CYP1A2 activity, measured by caffeine
metabolite indices. As caffeine metabolite indices were not normally distributed, they were
log-transformed. Covariate selection was determined on a priori assumption based on
general knowledge, practice, and literature in this field. Our covariates were as follows:
age, gender, race/ethnicity, blood pressure status, physical activity, blood glucose levels,
lifetime smoking intensity, BMI, and alcohol intake. Stratified analyses by HSI status were
also performed to determine above associations. We evaluated these associations using
multivariable linear regression model with adjustment of weight and clusters used in
survey research. We used SAS 9.4 to perform all statistical analyses.

3. Results
3.1. Demographic Characteristics in the Whole Data Set (Table 1) and by HSI Status (Table 2)

In the whole data set (Table 1), the study population was comprised of roughly equal
numbers of males and females, with approximately 30–36% of participants falling into each
of the following age groups: 18–39, 40–59, ≥60. Half of the participants were white and
had never smoked, and more than 70% were either overweight or obese. At least half of
the participants had elevated blood pressure, 10% had diabetes, and more than 35% had
an eGFR of 60 or less. Nearly 30% of participants were sedentary, while 30% reported a
MET-hour/week of 40 or greater.
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Table 1. Characteristics of participants enrolled in this study in the whole dataset.

Characteristic Total Cohort
(n = 1381)

Gender
Female 707 (51%)
Male 674 (49%)

Age
18 to 39 458 (33%)
40 to 59 493 (36%)

60 or older 430 (31%)
Ethnicity

Mexican American 246 (18%)
Other Hispanic 143 (10%)

White Non-Hispanic 732 (53%)
Black Non-Hispanic 205 (15%)

Other 55 (4%)
Smoking intensity, total cigarettes over lifetime

0 688 (53%)
1 to 50,400 252 (19%)

>50,400 364 (28%)
BMI, kg/m2

<25 394 (29%)
25 to 29.9 460 (33%)

>29.9 527 (38%)
Blood pressure status

Normotensive 659 (48%)
Elevated 255 (18%)

Hypertension 1 246 (18%)
Hypertension 2 221 (16%)

Diabetes
Yes 133 (10%)
No 1212 (88%)

Borderline 33 (2%)
eGFR, mL/min/1.73 cm2

>90 902 (65%)
60 to 90 395 (29%)

<60 84 (6%)
Physical activity, MET-hours/week

0 373 (27%)
>0 to 4 93 (7%)
>4 to 40 496 (36%)

>40 419 (30%)
Paraxanthine/caffeine ratio 0.15 (0.07, 0.30)
1-methyluric acid/caffeine ratio 0.59 (0.33, 1.07)
Bicarbonate level, mmol/L 26 (24, 27)
Phosphorus level, mmol/L 26 (24, 27)

Categorical variables are presented as n, % (column %), based on known values; continuous variables are presented
as median and interquartile range. Caffeine metabolite indices were multiplied by 1000. List of abbreviations:
SD: standard deviation, BMI: body mass index, eGFR: estimated glomerular filtration rate, MET: metabolic equivalent.

In addition, we examined the distribution trends of these characteristics across HSI
strata (Table 2). We found that as the HSI strata increased, the percentage of individuals in
the 40–59 age group increased; there was an increase in the prevalence of obesity, diabetes,
and stage 1 and stage 2 hypertension among Mexican Americans. Individuals with an
eGFR > 90 were more prevalent in higher HSI strata; meanwhile, they had slightly reduced
levels of bicarbonate, phosphorus, and levels of the caffeine index using 1-methyluric acid.
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Table 2. Characteristics of participants enrolled in this study stratified by hepatic steatosis index
(HSI) status.

Characteristic HSI < 30
(n = 197)

30 ≤ HSI < 36
(n = 393)

36 ≤ HSI < 42
(n = 432)

HSI ≥ 42
(n = 359)

Gender
Female 104 (53%) 179 (46%) 215 (50%) 209 (58%)
Male 93 (47%) 214 (54%) 217 (50%) 150 (42%)

Age
18 to 39 88 (45%) 141 (36%) 116 (27%) 113 (31%)
40 to 59 54 (27%) 127 (32%) 154 (36%) 158 (44%)

60 or older 55 (28%) 125 (32%) 162 (37%) 88 (25%)
Ethnicity

Mexican American 16 (8%) 64 (16%) 87 (20%) 79 (22%)
Other Hispanic 20 (10%) 40 (10%) 45 (10%) 38 (11%)

White Non-Hispanic 113 (57%) 220 (56%) 228 (53%) 171 (48%)
Black Non-Hispanic 29 (15%) 50 (13%) 63 (15%) 63 (18%)

Other 19 (10%) 19 (5%) 9 (2%) 8 (2%)
Smoking intensity, total cigarettes over lifetime

0 89 (50%) 189 (51%) 220 (54%) 190 (55%)
1 to 50,400 40 (23%) 79 (22%) 72 (17%) 61 (17%)

>50,400 48 (27%) 101 (27%) 119 (29%) 96 (28%)
BMI, kg/m2

<25 195 (98%) 187 (47%) 12 (3%) 0 (0%)
25 to 29.9 1 (1%) 199 (51%) 252 (58%) 8 (2%)

>29.9 1 (1%) 7 (2%) 168 (39%) 351 (98%)
Blood pressure status

Normotensive 124 (63%) 204 (52%) 186 (43%) 145 (40%)
Elevated 18 (9%) 84 (21%) 88 (20%) 65 (18%)

Hypertension 1 30 (15%) 58 (15%) 69 (16%) 89 (25%)
Hypertension 2 25 (13%) 47 (12%) 89 (21%) 60 (17%)

Diabetes
Yes 3 (2%) 18 (5%) 54 (12%) 58 (16%)
No 191 (98%) 371 (94%) 370 (86%) 280 (78%)

Borderline 0 (0%) 4 (1%) 8 (2%) 21 (6%)
eGFR, mL/min/1.73 cm2

>90 125 (63%) 252 (64%) 274 (63%) 251 (70%)
60 to 90 64 (32%) 115 (29%) 120 (28%) 96 (27%)

<60 8 (4%) 26 (7%) 38 (9%) 12 (3%)
Physical activity, MET-hours/week

0 39 (20%) 83 (21%) 128 (30%) 123 (34%)
>0 to 4 16 (8%) 25 (6%) 28 (6%) 24 (7%)
>4 to 40 77 (39%) 155 (39%) 150 (35%) 114 (32%)

>40 65 (33%) 130 (33%) 126 (29%) 98 (27%)
Paraxanthine/caffeine ratio 0.16 (0.06, 0.32) 0.15 (0.07, 0.31) 0.15 (0.07, 0.30) 0.15 (0.07, 0.28)
1-Methyluric acid/caffeine ratio 0.66 (0.40, 1.14) 0.58 (0.33, 1.07) 0.57 (0.32, 1.06) 0.55 (0.32, 0.99)
Bicarbonate level, mmol/L 26 (25, 27) 26 (25, 27) 25 (24, 27) 25 (24, 27)
Phosphorus level, mmol/L 1.20 (1.10, 1.32) 1.23 (1.10, 1.32) 1.20 (1.07, 1.32) 1.16 (1.07, 1.29)

Categorical variables are presented as n, % (column %), based on known values; continuous variables are presented
as median and interquartile range. Caffeine metabolite indices were multiplied by 1000. List of abbreviations:
SD: standard deviation, BMI: body mass index, eGFR: estimated glomerular filtration rate, MET: metabolic equivalent.

3.2. Multivariable Adjusted Associations of Serum Bicarbonate, Serum Phosphorus, and eGFR
with CYP1A2 Activity Measured by Caffeine Metabolite Indices (Table 3 and Figures 2 and 3)

Serum phosphorus: Serum phosphorus was not associated with CYP1A2 activity in
the whole data set or in most strata, except in strata of 30 ≤ HSI < 36. In the stratum of
30 ≤ HSI < 36, we observed positive and marginally/statistically significant associations
for two caffeine metabolites. Comparing quartile 4 to quartile 1 of serum phosphorus, the
beta estimate was 0.29 (p = 0.10) for paraxanthine and 0.25 (p = 0.04) for 1-methyluric acid.
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We further examined the association between serum phosphorus and CYP1A2 activity
without the adjustment of eGFR; the associations did not change significantly.

Table 3. The associations of caffeine metabolite indices with serum phosphorus and with serum
bicarbonate and with estimated glomerular filtration rate (eGFR), adjusting for glucose, gender,
ethnicity, age, BMI, blood pressure, physical activity categories, lifetime smoking intensity, and excess
of alcohol intake *.

Overall (n = 1381) HSI < 30 (n = 197) 30 ≤ HSI < 36
(n = 393)

36 ≤ HSI < 42
(n = 432) HSI ≥ 42 (n = 359)

Paraxanthine 1-MUA Paraxanthine 1-MUA Paraxanthine 1-MUA Paraxanthine 1-MUA Paraxanthine 1-MUA

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

β
(p-Value)

Phosphorus,
mmol/L

Quartile 1
(0.55–1.10) Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref

Quartile 2
(1.13–1.20)

−0.01
(0.94)

−0.02
(0.69) 0.07 (0.80) −0.09

(0.65) 0.01 (0.96) −0.02
(0.90)

−0.19
(0.26)

−0.15
(0.25) 0.13 (0.58) 0.11 (0.47)

Quartile 3
(1.22–1.36)

−0.04
(0.58) 0.03 (0.61) −0.19

(0.51) 0.07 (0.69) 0.04 (0.75) −0.01
(0.94)

−0.03
(0.87) 0.08 (0.46) −0.11

(0.48) 0.07 (0.54)

Quartile 4
(1.38–2.62) 0.13 (0.15) 0.11 (0.22) 0.05 (0.90) 0.01 (0.96) 0.29 (0.10) 0.25 (0.04) 0.05 (0.82) 0.11 (0.51) 0.14 (0.43) 0.03 (0.87)

Bicarbonate,
mmol/L

Quartile 1
(15–24) Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref

Quartile 2
(25–25) 0.15 (0.21) 0.01 (0.88) 0.29 (0.24) 0.06 (0.72) 0.03 (0.92) −0.05

(0.74) 0.24 (0.20) 0.20 (0.14) 0.13 (0.58) −0.12
(0.43)

Quartile 3
(26–26) 0.12 (0.24) 0.12 (0.10) 0.33 (0.25) 0.12 (0.65) 0.16 (0.31) 0.15 (0.20) −0.01

(0.96) 0.08 (0.59) 0.19 (0.36) 0.17 (0.24)

Quartile 4
(27–38) 0.16 (0.06) 0.13 (0.12) 0.47 (0.19) 0.12 (0.67) 0.19 (0.28) 0.23 (0.19) 0.04 (0.82) 0.14 (0.33) 0.37 (0.09) 0.15 (0.34)

eGFR
>90 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref

60 to 90 −0.23
(0.0031)

−0.11
(0.08)

−0.64
(0.06)

−0.52
(0.03)

−0.36
(0.10)

−0.16
(0.24)

−0.34
(0.04)

−0.19
(0.28) 0.14 (0.32) 0.04 (0.78)

<60 −0.39
(0.0010) 0.25 (0.02) −1.38

(0.04)
−0.62
(0.21)

−0.61
(0.03) 0.15 (0.49) −0.79

(0.0018) 0.27 (0.14) 0.68 (0.11) 0.52 (0.23)

* Caffeine metabolites indices were the ratios of caffeine metabolites to caffeine intake, including creatine adjusted
paraxanthine/caffeine intake and creatinine adjusted 1-methyluric acid/caffeine intake; indices were log trans-
formed. List of abbreviations: 1-MUA: 1-methyluric acid. Bolded p for trend values indicate significance using a
significance level of 0.05.

Serum bicarbonate: Using paraxanthine to evaluate CYP1A2 activity, the trend of
association was mostly positive and marginally significant in the whole data set; the beta
estimate was 0.16 (p = 0.06) for paraxanthine when comparing quartile 4 to quartile 1. The
beta estimate was 0.12 (p = 0.10) for 1-methyluric acid when comparing quartile 3 to quartile
1 of bicarbonate. The positive trend was present in all strata but only reached marginal
significance in HSI ≥ 42, with a beta estimate of 0.37 (p = 0.09) for paraxanthine comparing
quartile 4 to quartile 1 (Figure 2). Using 1-methyluric acid to evaluate CYP1A2 activity, the
trend was positive for every stratum but was statistically significant only in the whole data
set when comparing quartile 4 against quartile 1 (β = 0.20, p = 0.02) and was marginally
significant when comparing quartile 3 against quartile 1 (β = 0.14, p = 0.11).

We further examined the association between serum bicarbonate and CYP1A2 activity
without the adjustment of eGFR; the associations did not change significantly.

eGFR: Using paraxanthine to evaluate CYP1A2 activity, lower eGFR was associated
with reduced CYP1A2 activity in the whole data set. When comparing eGFR <60 to eGFR
>90, we obtained a beta estimate of −0.39 (p = 0.0010). This trend of association was
consistent across most strata of HSI, except the strata of HSI ≥ 42. In the HSI ≥ 42 strata,
we found that lower GFR was marginally associated with higher CYP1A2 activity with
an estimate of 0.68 (p = 0.11) when comparing GFR <60 to GFR >90. Using 1-methyluric
acid to evaluate CYP1A2 activity, we did not observe a linear trend of associations between
GFR and CYP1A2 activity. However, we did observe that people with a GFR of 60 to 90
had lower CYP1A2 activity as compared to a GFR of >90 (β = −0.11, p = 0.08). This type



Diagnostics 2023, 13, 2996 8 of 13

of trend was also observed in strata with HSI < 30 with a beta estimate of −0.52 (p = 0.03)
when comparing GFR of 60 to 90 to GFR > 90 (Figure 3).
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gender, ethnicity, age, BMI, blood pressure, physical activity, lifetime smoking intensity, and excessive
alcohol intake.

We also examined the same associations in multivariable models without adjusting
for phosphorus and bicarbonate. The results did not change considerably.
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4. Discussion

Using a nationally representative sample in our study, we assessed the associations of
serum bicarbonate, serum phosphorus, and eGFR with CYP1A2 activity. We also assessed
these associations with different levels of HSI, a non-invasive index to assess liver damage.
First, trends between bicarbonate and CYP1A2 activity were positive and significant or
marginally significant using either paraxanthine or 1-methyluric acid. The magnitude of
this positive trend was strongest in HSI ≥ 42 when using paraxanthine. Second, phosphorus
and CYP1A2 activity was only positive and significant in 30 ≤ HSI < 36. Last, lower eGFR
was associated with lower CYP1A2 activity in the whole data set and most strata except in
stratum with HSI ≥ 42. Conversely, we observed that lower eGFR was associated with a
higher CYP1A2 activity in HSI ≥ 42.

We found significant positive associations between bicarbonate and CYP1A2 activity
in both caffeine metabolites within the entire dataset. Bicarbonate serves as a base and
regulates pH in metabolic processes not only in the kidney but also in the liver. In the
liver, bicarbonate can neutralize protons generated during gluconeogenesis and fat and
carbohydrate oxidation [18,32]. The liver is the primary organ responsible for producing
bile acids, while bicarbonate also contributes to bile production, which aids in fat absorption
and digestion [33,34]. All of the above potentially explain the observed positive association
between bicarbonate and CYP1A2 activity.

Upon examining the associations between bicarbonate and CYP1A2 activity across
different strata, the magnitudes of positive associations varied. In most strata with HSI < 42,
the associations were not statistically significant, but there was marginal significance in the
HSI ≥ 42 stratum. It is possible that at higher degrees of liver damage (HSI ≥ 42), a greater
amount of bicarbonate is needed to aid in liver metabolism. However, a larger study with a
more significant sample size is necessary to determine if this relationship is dynamic across
different HSI strata or if it is due to chance. We did not find significant changes with or
without GFR adjustment, indicating that the kidneys are not a main mediator between
bicarbonate and CYP1A2 activity. Although bicarbonate is filtered by the glomeruli and
then reabsorbed in the proximal tubes in kidney, the pancreas is primarily responsible for
the producing of sodium bicarbonate [35,36].

We did not observe a significant association between serum phosphorus and CYP1A2
activity in the whole data set and most strata of HSI; however, we observed positive and
significant/marginally significant associations between phosphorus and CYP1A2 activity
in the stratum with 30 ≤ HSI < 36, where participants in this stratum were unlikely to
have severe liver damage. Phosphorus is an essential nutrient for the phosphorylation of
glucose when glucose enters hepatocytes during glycogen synthesis and is necessary for
NAD+ synthesis [37]. Thus, higher levels of phosphorus may increase liver metabolism.
Though high levels of phosphorus may increase burden to the kidneys, we found that the
association between phosphorus and CYP1A2 activity did not change with or without
adjusting for eGFR. This indicates that the association is not affected by renal function.

In this study, we evaluated the associations between kidney function and liver metabolism
function in a population, where most were without severe liver or chronic kidney disease. We
observed that lower kidney function (lower eGFR) was significantly associated with lower
CYP1A2 metabolism, measured by the main and an upstream caffeine metabolite, paraxan-
thine. This association is consistent in most strata where HSI < 42. Although the liver and
kidneys have distinct functions, they work together closely to maintain the body’s overall
health. The liver produces urea, a waste product that is eliminated by the kidneys [18,38]. The
kidneys also help regulate liver function by maintaining a proper balance of fluids, electrolytes,
and bicarbonate [39].

Furthermore, it remains unclear why lower eGFR was marginally associated with
higher CYP1A2 activity in the highest stratum of HSI ≥ 42. Our data indicate that higher
CYP1A2 activity may not always be linearly related to better liver health but may sometimes
be associated with greater liver and kidney damage. Higher CYP1A2 activity could be a
self-defense mechanism when there are more toxins due to reduced liver function and more
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waste that cannot be excreted by the kidneys. The liver has unique regenerative capacities
and compensates more when liver damage is more extensive [40]. This compensatory
mechanism may lead to higher CYP1A2 activity in individuals with lower GFR at higher
HSI stratum. The interaction between liver health and kidney disease warrants further
investigation. NAFLD, one of the most common liver diseases, is a strong risk factor for
chronic kidney disease (CKD) [41,42]. Liver-related portal inflammation [43] and portal
hypertension can trigger a subclinical hepatorenal reflex, which over time may contribute
to the development and progression of CKD [44]. Further mechanistic studies are needed
in this area to better understand the interrelationship between liver regeneration, eGFR,
CYP1A2 activity, and liver damage. These studies could involve examining the role of liver
enzymes, other CYP protein activities, and novel kidney damage-related biomarkers.

Several single nucleotide polymorphisms (SNPs) have been associated with the
CYP1A2 gene. For instance, the rs2472297 allele has been linked to increased levels of
coffee consumption, a reduction in blood pressure, and an increase in eGFR [45]. Increased
eGFR typically indicates better renal function. Since the kidney is one of the key organs
responsible for regulating acid-base balance [19], we infer that these types of alleles are
likely to help regulate acid-base balance.

It is worth noting that there are large variations of SNPs associated with a certain gene,
with some studies identifying the rs2472297 allele and others finding another allele (rs3860)
associated with the CYP1A2 gene [46,47]. Due to the extensive variation in SNPs, they
may or may not reliably determine miRNA and protein expression levels, let alone activity
levels; these SNPs require large-scale validations [48]. Some studies have demonstrated that
miRNA expression aligns more closely with CYP1A2 activity than SNPs [47]. Consequently,
even when using a proxy measure of CYP1A2, we believe this feasible approach will offer
more accurate predictions and broader applications than the SNPs of CYP1A2, making it a
valuable tool for assessing its relation to acid-base balance.

The study has several strengths, including the use of nationally representative data
from NHANES. In addition, the study utilized a non-invasive measure of CYP1A2 activity
to evaluate its correlation with clinical biomarkers related to acid-base balance and renal
function. Conventional liver enzyme tests cannot reflect liver metabolism during the early
stages of liver damage. Moreover, the study investigated the associations between these
factors at different stages of liver damage, as measured by HSI, which further enhances the
study’s robustness.

The cross-sectional design of the study limits the interpretation of associations as being
causal, and reverse causation is also possible. Therefore, causation should be evaluated
in longitudinal studies. In addition, there are other pathways that may influence CYP1A2
activity apart from the proposed biomarkers. CYP1A2 activity may correlate with some but
not all CYP enzyme activity [49]. Moreover, CYP1A2 was measured using a proxy versus
direct measurement. The denominator used for calculating the CYP1A2 proxy relied on
dietary caffeine intakes estimated from self-reported foods and beverages, which could have
been affected by recall bias or measurement error. It is worth noting that the mechanisms for
alcohol-induced liver injury may not be the same for non-alcohol related liver injuries [50].
Also, the identified relationships may change among people with diagnosed liver diseases,
such as liver cancer. In our study population, however, these people only accounted for 3%,
and removing them did not materially change the associations. Moreover, taking steatosis-
inducing medication may also influence liver metabolism, but this was not assessed in this
study. Additionally, we measured associations only among those who reported having
ingested caffeine. Finally, we conducted a stratification analysis by HSI, a tool originally
developed to screen for non-alcoholic fatty liver disease (NAFLD) in Koreans. HSI has been
shown to be associated with the stage of non-alcoholic fatty liver disease (NAFLD), with
an area under the receiver-operating curve (AUROC) of 0.812 in a representative Korean
population [31]. While the underlying principles, such as a higher score indicating elevated
liver damage and an increased risk of NAFLD, are likely applicable to the broader U.S.
population, further validation studies are necessary to confirm this assumption.
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5. Conclusions

Serum bicarbonate, serum phosphorus, and eGFR are inexpensive, accessible, and
non-invasive metrics used in clinics. Urine caffeine metabolite indices are non-invasive and
easier to apply compared to liver biopsy. To our knowledge, this is the first study to measure
associations between these metrics and CYP1A2 activity. Our study contributes toward
growing research on non-invasive ways to study how the liver helps regulate toward
acid-base balance and with reduced renal function even among people without significant
liver damage. Further studies using longitudinal data are necessary to understand the
mechanisms behind the associations of these serum biomarkers and eGFR with liver
metabolism. Novel, non-invasive, and sensitive biomarkers to measure early stage of
acid-base balance are also needed.
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